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An electrochemical study was conducted on a stationary, synthetically produced, 
covellite electrode in acidic, chloride solutions at ambient conditions to 
investigate the dissolution behaviour of the mineral over a surface potential range 
from the open circuit potential (OCP) to about 0.62 V (vs. SHE). 
The electrode was mounted in an apparatus, which was designed to resemble 
leaching of the mineral under conditions applicable to heap leaching of whole 
ores, where the mineral occurs in cracks or pores in the gangue matrix or is 
covered (or partially covered) by reaction products. 
Experimental rates of anodic dissolution of the mineral ranged from 7.00 x 10-13 
mol Cu cm-2.s-1 at 0.560 V (vs. SHE) to 1.69 x 10-12 mol Cu cm-2.s-1 at 0.620 V 
(vs. SHE) in a 0.2 M HCI solution at 25°C. Corresponding dissolution rates for a 
0.2 M HCI + 0.5 giL Cu (as CUS04) solution were between 2 to 3 times lower. In 
addition, the rate of anodic dissolution of the mineral was found to show a half 
order rate-dependency on the cupric-to-cuprous ion ratio at the mineral surface 
over this potential range. 
It was demonstrated by measurement of the solution potential close to the 
mineral surface (capillary solution potential) that cupric ions can oxidize cove I lite 
in acidic, chloride solutions by means of the Cu(ll) I Cu(l) couple. 
The mixed potential showed a 0.051 V.decade-1 dependency on the cupric-to-
cuprous ion ratio at the mineral surface and Tafel slope values of 
0.100 V.decade-1 to 0.107 V.decade-1 were obtained confirming that the mineral 
dissolves by a direct oxidative mechanism with the anodic dissolution of the 











A reaction mechanism has been proposed where cupric ions act as the primary 
oxidant (electron acceptor) at the mineral surface. These ions can then be 
regenerated by the oxidation of cuprous to cupric ions in the presence of 
dissolved oxygen and protons. Elemental sulphur is formed directly on the 
mineral surface as a result of the anodic dissolution of the mineral. 
Chloride ions and copper ions were found to show a marked influence on the 
measured current density with an increase in current density with increased 
chloride concentration and an unexpected decrease in current density, especially 
at high chloride concentration, with increased copper concentration. However, 
the positive effect of increased chloride concentration on the measured current 
density only pertained to the initial stages of leaching and similar rates of mineral 
dissolution were achieved at high (2 M Cn and low chloride concentration 
(0.2 M Cr) over prolonged periods. This might have been as a result of the 
increase in copper concentration with time by leaching of the mineral. 
Capillary potential measurements showed that the solution potential close to the 
mineral surface decreased with increased capillary length. This could effect a 
decrease in the mixed potential and thereby also a decrease in the rate of 













During 2003 a research centre of a large, international mining company was tasked to 
develop a suitable technology for the heap leaching of low-grade, chalcopyrite-bearing, 
whole ores for its mining assets. An ambitious program was undertaken by an 
international project group, which included colleagues from Australia, Chile, 
South Africa and the United States of America. This effort culminated into the 
development of two technologies, namely a high-temperature, bioleaching and a low-
temperature, chloride leaching technology. I was privileged to be part of that team for 
which I am forever grateful. 
My involvement mainly focused around the fundamentals of the chloride leaching 
technology, which over time extended to also include the present study. For this 
purpose, I had the opportunity to spend some time at the laboratories of 
Murdoch University in Perth, Australia. Here I worked under the auspicious of 
Prof. M.J. Nicol, which has been one of the most memorable experiences of my career 
to date. Prof. Nicol, many thanks to you, your staff as well as your family, who made my 
stay in Perth, feel like home. I am also very appreciative of all the countless hours of 
discussions, sharing of ideas, knowledge and teachings. 
Thanks also to my supervisor, Dr J. Petersen, of the Department of Chemical 
Engineering, University of Cape Town, for his advice, mentoring and patience. 
I gratefully acknowledge the interest of various ex-colleagues, who encouraged me on 
the way. Thank you: Debbie Miller, Elmar Muller, John Batty, Marthie Kotze and 
Dr D.W. Dew. Of the latter, I would like to say that I had the privilege to know Dave as a 
colleague, manager, client and friend, whose generosity and wisdom nurtured a keen 
interest in science. To me, Dave and Prof. Mike are men who plant trees for others to 
sit under. 











Special thanks also to my dearest parents, Dr W.P. and Mrs K.H.M. Sasson, for their 
support and whose unconditional love is an anchor in life. 












Table of Contents 
List of Figures 







2 LITERATURE REVIEW 
2.1 Covellite 
2.2 Thermodynamics 
TABLE OF CONTENTS 
2.3 Chloride Leaching Processes for Copper Sulphide Minerals 
2.4 Leaching Studies on Covellite 
2.4.1 Chemistry of Reaction 
2.4.2 Deportment of Reaction Products 
2.4.3 Kinetics of Dissolution 
































3 EXPERIMENTAL 76 
3.1 Materials 76 
3.1.1 Electrodes 76 
3.1.2 Apparatus 77 
3.1.3 Working Solutions 78 
3.2 Methods 81 
3.2.1 Electrochemical Measurements 81 
3.2.2 Experimental Procedure 84 
4 RESUL TS AND DISCUSSION 86 
4.1 Potential Measurements 86 
4.1.1 OCP and the Effect of Capillary Length on Solution Potential 86 
4.2 Cyclic Voltammetry Measurements 94 
4.2.1 The Effect of Sweep Rate 100 
4.2.2 The Effect of the Source of Acidity 103 
4.2.3 The Effect of Acidity 104 
4.2.4 The Effect of Sulphate Concentration 105 
4.2.5 The Effect of Chloride Concentration 106 
4.2.6 The Combined Effect of Acidity and Chloride Concentration 108 
4.2.7 The Effect of Copper Concentration 111 
4.3 Current Transient Measurements 117 
4.3.1 The Effect of Potential on the Anodic Current Density 117 
4.3.2 The Effect of Chloride Concentration on the Anodic Current Density 122 
4.3.3 The Effect of Copper Concentration on the Anodic Current Density 124 
4.4 A Summary of the Experimental Results 126 
4.5 The Mechanisms of Leaching of Covellite in Acidic, Chloride Media 129 













4.5.2 Direct Oxidation Mechanism - Consistency with Experimental Observations 146 
4.5.3 Dissolution of Covellite by a Non-Oxidative / Oxidative Process 148 
4.5.4 Non-Oxidative / Oxidative Process - Thermodynamic Considerations 151 
4.5.5 Non-Oxidative / Oxidative Process - Kinetic Considerations 








































LIST OF FIGURES 
Intermediate Product (Blue I Purple) on Chalcopyrite Surface (Gold) 
A Granular Aggregate from the Oxidation Zone of Ore Veins 
from Zeleznik, Czechoslovakia 
Copper-Sulphur-Water System with Soluble Species at 0.1 M Activity 
(In the Absence of Chloride Ions) by Nicol 
Copper-Sulphur-Water System with Soluble Species at 0.1 M Activity 
(In the Presence of Chloride Ions at 1 M Activity) by Nicol 
Pourbaix Diagram for the Copper-Sulphur-Water System for Unit 
Activities of the Sulphur Ligands 
Species Distribution Diagram for the Cu(l) I cr System at 25°C 
by Nicol 
Species Distribution Diagram for the Cu(lI) I cr System at 25°C 
by Nicol 
Species Distribution Diagram for the Fe(llI) I cr System at 25°C 
by Nicol 
Oxidants for the Leaching of Covellite in (a) the Sulphate System 
and (b) the Chloride System - Adapted from Nicol 
Potentials of Various Couples in the Cu(lI) I Cu(l) I So System 
at 25°C by Nicol 
HydroCopperTM Process 
Copper Dissolutions (adapted from Cheng and Lawson) 
Electrochemical Model of Second Stage Chalcocite Dissolution 
in the Chloride System by Fisher et a/. 
A Schematic Illustration of the Electrochemical Leaching Model 
of Covellite in Oxygenated, Acidic, Sulphate-Chloride Solutions 


























Figure 2.4.4 Schematic Diagram of Electrochemical Dissolution of Digenite 61 
in Oxygenated Chloride Media: (a) First-Stage Galvanic Couple 
and (b) Second-Stage Corrosion Couple by Ruiz et a/. 
Figure 2.5.1 Mixed Potential Model (Type I) adapted from Nicol 68 
Figure 2.5.2 Mixed Potential Model (Type III) adapted from Nicol 70 
Figure 3.1 Covellite Electrode 76 
Figure 3.2 Experimental Set-Up 78 
Figure 3.3 A Typical Voltammogram for a Covellite Electrode 82 
Figure 3.4 Anodic Region for a Covellite Electrode 83 
Figure 3.5 Typical Anodic Current Density Profiles for a Covellite Electrode 84 
Figure 4.1 Covellite Partially Exposed in a Capillary Filled with Solution 86 
Figure 4.2 OCP and Solution Potential Transients for Covellite in a Capillary 87 
(<1> = 2 mm, h = 10 mm) 
Figure 4.3 OCP and Solution Potential Transients for Covellite in a Capillary 91 
(<1> = 2 mm, h = 2 mm) 
Figure 4.4 A Comparison of the Solution Potential Transients for Different 92 
Capillary Lengths 
Figure 4.5 The Effect of Capillary Length and Rate of Mineral Dissolution 94 
on the Capillary Solution Potential 
Figure 4.6 A Typical Voltammogram for a Stationary Covellite Electrode 95 
Figure 4.7 Equilibrium Potentials for Reactions in the CuS / Cu(l) / Cu(ll) 99 
System at 25°C 
Figure 4.8 The Effect of Sweep Rate on the Anodic Current Density 101 
Figure 4.9 The Relationship between Anodic Peak Current Density and 102 
Sweep Rate 
Figure 4.10 The Effect of the Source of Acidity on the Anodic Current DenSity 103 
Figure 4.11 The Effect of Acidity on the Anodic Current Density 104 
Figure 4.12 The Effect of Sulphate Concentration on the Anodic Current Density 106 
Figure 4.13 The Effect of Chloride Concentration on the Anodic Current Density 107 
Figure 4.14 The Combined Effect of Acidity and Chloride Concentration 108 











Figure 4.15 The Relationship between Anodic Peak Current Density and 110 
Hydrochloric Acid Concentration 
Figure 4.16 The Effect of Copper Concentration on the Anodic Current Density 111 
at Low Chloride Concentration 
Figure 4.17 The Effect of Copper Concentration on the Anodic Current Density 112 
at High Chloride Concentration 
Figure 4.18 A Comparison of the Anodic Current Density for Low and High 114 
Chloride Concentration in the Presence of Initial Copper Ions 
Figure 4.19 The Effect of Initial Copper Concentration on the OCP at Low and 116 
High Chloride Concentration 
Figure 4.20 Current Transients for Covellite in 0.2 M HCI at 25°C 118 
Figure 4.21 Consecutive Current Transients for Covellite in 0.2 M HCI at 25°C 121 
Figure 4.22 The Effect of Chloride Concentration on the Anodic Current Density 123 
over a Short Period 
Figure 4.23 The Effect of Chloride Concentration on the Anodic Current Density 124 
over a Prolonged Period 
Figure 4.24 Current Transients for Covellite in 0.2 M HCI + 0.5 gIL Cu 125 
(as CUS04) at 25°C 
Figure 4.25 A Schematic Diagram of the Direct Oxidation of Covellite via a 131 
One-Electron Anodic Process 
Figure 4.26 The Effect of Cupric-to-Cuprous Ion Ratio on the Rate of 134 
Dissolution of Covellite 
Figure 4.27 The Effect of Cupric-to-Cuprous Ion Ratio on the Mixed Potential 136 
Figure 4.28 A Schematic Diagram of the Direct Oxidation of Covellite via a 138 
Two-Electron Anodic Process 
Figure 4.29 A Tafel Plot for Current I Potential Data at 0.2 M HCI 143 
Figure 4.30 A Tafel Plot for Current I Potential Data at 0.2 M HCI + 0.5 gIL Cu 143 
Figure 4.31 A Schematic Diagram of the Dissolution of Covellite via a Coupled 150 
Non-Oxidative I Oxidative Process 
Figure 4.32 A Species Distribution Diagram for Covellite in Equilibrium with 151 










: . Figure 4.33 The Effect of Acidity on the Dissolved Hydrogen Sulphide 
Concentration in Equilibrium with Covellite at 25°C 
Figure 4.34 The Effect of Copper on the Dissolved Hydrogen Sulphide 
















List of Tables 
Table 2.2.1 Some Relevant Reduction Potentials 17 
Table 2.3.1 Chloride Leaching Processes for Copper Sulphide Minerals 20 
Table 2.3.2 Strengths and Weaknesses of Chloride Leaching Processes 28 
Table 2.4.1 Reaction Orders (Covellite) 46 
Table 2.4.2 Reaction Orders (Secondary Covellite) 46 
Table 2.4.3 Reaction Orders (Covellite) 49 
Table 2.4.4 Reaction Orders (Secondary Covellite) 50 
Table 2.4.5 Reported Activation Energies from Leaching Studies on Covellite 52 
Table 2.4.6 Reported Rates of Dissolution from Leaching Studies on Covel lite 53 
Table 2.4.7 Reported Rates of Dissolution from Leaching Studies on 54 
Secondary Covellite 
Table 2.5.1 Some Relevant Reduction Potentials 65 
Table 3.1 Chemical Reagents 79 
Table 4.1 Equilibrium Potentials for Covellite (10 mm Capillary) 89 
Table 4.2 Equilibrium Potentials for Covellite (2 mm Capillary) 91 
Table 4.3 Anodic Peak Current Densities and Peak Potentials 101 
Table 4.4 Anodic Current Densities at Different HCI Concentrations 110 
Table 4.5 Anodic Current Densities and Rates of Dissolution 119 
Table 4.6 Anodic Peak Current Densities, Current-to-Peak Percentages and 126 
Rates of Dissolution 
Table 4.7 Electrochemical Data for the 0.2 M HCI + 0.5 gIL Cu Solution 133 
Table 4.8 Measurements for the 0.2 M HCI Solution 142 
Table 4.9 Measurements for the 0.2 M HCI + 0.5 gIL Cu Solution 142 
Table 4.10 Electrochemical Parameters 144 














Chalcopyrite (CuFeS2) is one of the most abundant and widely distributed copper 
sulphide minerals in the world, which makes it an important source of copper 
production 1. However, the mineral is notorious among the copper sulphide 
minerals for its refractoriness to leach, especially in acidic, ferric chloride and 
ferric sulphate solutions, at low temperature. In both systems, this is 
characterized by the mineral's slow leaching kinetics, which level off with time 2. 
Many investigators have attributed this levelling-off in the kinetics to a process of 
passivation, but great uncertainty still remains about what this exactly entails 
3,4,5,6 
Chemical 7,8,9 and electrochemical 3,10,11 methods have shown that the oxidative 
dissolution of chalcopyrite is a potential-dependent process and that the onset of 
passivation occurs at a mineral surface potential (mixed potential) in excess of 
about 0.6 V (vs. SHE) 3,10,11,12,13,14,19,46,47,48. Electrochemical studies have also 
shown that under normal ferric leaching conditions, such as bioleaching and 
atmospheric leaching in chloride and sulphate systems, the mixed potential is 
normally fixed in the so-called passive region of the oxidative process, even at 
corresponding high solution potentials, e.g. 0.8 V (vs. SHE) to 0.9 V (vs. SHE), 
as measured against an inert platinum electrode 10. In this region, the mineral is 
subjected to the process of passivation, which is typified by the levelling-off in the 
leaching kinetics. 
The above defines then the fundamental problem of oxidative dissolution of 


















In the context of heap leaching of low-grade, chalcopyrite-bearing ores, 
bioleaching at elevated temperatures could be attempted in order to alleviate the 
problem of mineral passivation. For this purpose, the bioheap could be operated 
in such a way that the heap temperature is aimed to progress sequentially from 
mesophilic (ambient to 45°C), through moderately thermophilic (45°C to 60°C) to 
thermophilic levels (60°C to BO°C) 15, and maintained there for some time 16, in 
order to achieve improved rates and extents of chalcopyrite dissolution. 
However, the success of such a strategy will depend, amongst other things, to a 
large extent on sufficient levels of available sulphide sulphur (82-) present in the 
ore, as well as the successful oxidation thereof in relatively fast, heat-generating 
(exothermic) reactions. 
Pyrite (Fe82) is an example of an appropriate sulphide mineral that could fulfil 
this role 15, and of which the occurrence is commonly associated with that of 
chalcopyrite 28,29,30,99. For example, consider the overall reaction equation, 
which represents the microbial-assisted oxidation of the mineral in acidic, iron 
sulphate solutions 83. The stoichiometry of the above reaction predicts a heat of 
reaction of -11.2 MJ.kg-1 Fe82 at 25°C 114. Therefore, a substantial amount of 
heat could be generated, especially so at increased levels of pyrite present in the 
ore. 
However, in order to achieve the required rate of heat generation to affect 
elevated heap temperatures, it will be advantageous to operate under conditions 
of high overpotentials (at the mineral surface) in order to ensure suitably fast 











On the other hand, in the case where pyrite concentrations are too low to 
generate the required heap temperatures, which are deemed suitable for 
moderate thermophile or thermophile bioleaching of chalcopyrite, a chemical 
leach could be considered instead. 
The latter option may also be more suitable where the ore contains substantial 
amounts of acid-soluble, Chloride-bearing minerals such as atacamite 
(Cu2CI(OHh) or even potassium- and sodium-bearing chlorides, because the 
introduction and accumulation of chloride ions in the leach solution may very well 
rule out the use of bioleaching. 
One such technology, which was recently developed, entails the leaching of 
chalcopyrite under conditions of low-potential in acidic, chloride solutions at 
ambient temperature 12.13. In this process, mineral dissolution without passivation 
is achieved within a potential range of 0.550 V (vs. SHE) to 0.600 V (vs. SHE), in 
the presence of chloride ions, dissolved oxygen and protons. 
However, since copper sulphide minerals such as bornite (Cu5FeS4), chalcocite 
(CU2S) and covellite (CuS) are often associated with chalcopyrite 28,29,30, the 
leaching behaviour of these copper sulphide minerals also need to be taken into 
consideration in the evaluation of such a leaching process. 
To date, it has been demonstrated that pyrite remains inert under the reigning 
conditions of the above technology, which has the advantage that less iron is 
introduced into the pregnant leach solution (PLS) for down-stream purification. 
Also, that bornite, chalcocite and covel lite could indeed be leached successfully 












However, there is a requirement to study the leaching behaviour of covellite on a 
fundamental level , because the leaching conditions which are optimum for 
chalcopyrite may not always be conducive for successful covellite leaching. For 
example, it has been demonstrated that in low-potential leaching of chalcopyrite, 
a "covellite-like" intermediate can form under certain conditions, which in fact 
passivates the mineral's surface and prevents further leaching of chalcopyrite. 
By illustration, Figure 1.1 shows an optical microscopy photograph what appears 
to be a "covellite-like", intermediate product formed on the surface of a 
chalcopyrite electrode under conditions of low potential and no dissolved oxygen 
14.17.1 9 
Figure 1.1 Intermediate Product (Blue I Purple) on Chalcopyrite Surface (Gold) 
Therefore, in order to establish an operating regime that is conducive for both 
chalcopyrite and covellite leaching, it is proposed that a fundamental study be 











chloride solutions at ambient temperature. The information obtained from such a 
study may aid in the understanding of the leaching behaviour of covellite in such 
systems and may also provide insight with respect to process selection and the 
application of conditions necessary for maximum copper recovery. 
1.2 Objectives 
The objectives of this study are: 
• To investigate the anodic processes involved in the dissolution of covellite in 
acidic, chloride solutions, especially within the potential range of 0.55 V 
(vs. SHE) to 0.62 V (vs. SHE) at low temperature (25°C); 
• To investigate the possibility of active-passive behaviour within the applied 
potential range; 
• To investigate the effect of potential on the rate of dissolution of covellite; 
• To investigate the effect of parameters such as acidity (pH), chloride ion 
concentration, copper ion concentration and sulphate concentration on the 
rate of dissolution of covellite; 
• To elucidate the role of the said parameters in the anodic processes involved, 
and 
• To investigate the effect of pore length on the mineral's surface potential. 
1.3 Approach 
In order to make this study and its results more relevant to heap leaching of 
whole ore material, the electrochemical techniques were applied to a stationary, 
covellite electrode. Also, the electrode was studied in an apparatus, which 
WOUld, to some measure, simulate the anodic dissolution behaviour of covellite 











In general, electrochemical techniques can be very useful in mechanistic or 
screening tests pertaining to the leaching of copper sulphide minerals. However, 
care has to be taken that the applied potential range is applicable to that induced 
during the conventional leaching process. Also, purity of the mineral electrode 
used, is also very important, because impurities oxidizing at applied potentials 
will cause bias towards the measured anodic (or cathodic) currents. 
Furthermore, it should also be remembered that these techniques are conducted 
over relatively short periods of time, which may again introduce bias towards the 
rate of leaching in view of active-passive behaviour of the mineral electrode. 
Therefore, it is essential to conduct these in conjunction with longer-duration, 
conventional, leaching experiments. In this way, the electrochemical results 
could become even more useful. For this reason, published results of 
conventional, leaching tests have been included to compliment the 
electrochemical findings. 
The selection of an appropriate electrode sample is very important to better 
relate the findings to operational applications. Unfortunately, a pure, natural 
sample of covellite could not be sourced for this study and an available, synthetic 















The copper sulphide mineral originally known as Kupferglas (Freiesleben) was 
later named indigo copper by Hoffmann and Breithaupt 27. Later, it was named 
covelline or covellite by Beudant (1832) after the Italian mineralogist, Covelli 
(1790 - 1829), who discovered the Vesuvian specimen and determined its 
composition 27,28,29. Chapman also referred to the mineral as breithauptite 27; 
however, today, the mineral is commonly known as covellite. 
Covellite (CuS) is not abundant, but is found as a supergene mineral, usually as 
a coating, in the sulphide enrichment zones of most copper-bearing, ore 
deposits 28,32. It is often found in small, hydrothermal veins 30 associated with 
pyrite (FeS2) 29 and other copper sulphide minerals 28,29,30 such as bornite 
(Cu5FeS4), chalcocite (CU2S), chalcopyrite (CuFeS2) and enargite (CU;ASS4), 
from which it can be derived by means of alteration 28,32. 
The mineral has been found at Bor (Serbia), Leogang (Austria) and in large, 
iridescent crystals from the Calabona mine at Alghero (Sardinia). Other 
occurrences, amongst others, include: Butte, Montana (USA), Summittville, 
Colorado (USA), La Sal district, Utah (USA), Kennecott, Alaska (USA), Chile, 
Bolivia, Namibia, Italy, Germany and Romania 28,29,30. 
Covel lite has a chemical composition of 66.48% copper and 33.52% sulphide 
sulphur and its chemical properties include: it is soluble in hydrochloric acid (HCI) 
and hot nitric acid (HN03), fusible and burns with a blue flame releasing sulphur 











Physical properties include: a hardness of 1.5 - 2 Mohs, a specific gravity (SG) of 
4.6 - 4.76, a metallic lustre, an indigo-blue or blue-violet colour (iridescent), a 
lead-gray to black (dark-blue when rubbed) streak, an opaque transparency and 
a dull to resinous lustre 28,29,30. An example of the mineral is shown in Figure 2.1. 
Figure 2.1 A Granular Aggregate from the Oxidation Zone of Ore Veins from 
Zelezn fk, Czechoslovakia 29 
Covellite has a hexagonal crystal system with perfect cleavage on {0001} yielding 
flexible plates 28,29 and an ionic structure of (Cu+hS~- 31. The mineral also shows 
good electrical conductivity 29 (metallic-type conductor 31) with a resistivity of 













Pourbaix or potential vs. pH diagrams are graphical representations of 
thermodynamic data as a function of electrochemical potential (potential, y-axis) 
and acidity (pH, x-axis) 33. These diagrams can be very useful in determining 
appropriate solution regimes, with regard to oxidation-reduction potential and pH 
for, amongst others, the leaching of copper mineral sulphides. In addition, if 
used correctly, these can aid in establishing whether a particular reaction is 
thermodynamically feasible or not, aid in the prediction of intermediate reaction 
products from dissolving minerals, as well as the identification of the major 
species in equilibrium at a particular potential and pH 33,34. 
However, it is important to realize that the thermodynamics, as presented by 
these diagrams, do not specify the rate at which a specific process occurs. 
Neither do they identify mechanistic features of a process. These quantities can 
only be determined by experimental, kinetic studies 33. 
Figures 2.2.1 and 2.2.2 show the Pourbaix diagrams for the copper-sulphur-
water system at 25°C, in the absence and presence of chloride ions 36. These 
have been constructed by ignoring sulphate. The reason for this is that 
conventional Pourbaix diagrams would predict, depending on pH, sulphate or 
bisulphate as the product of oxidation of the sulphide species, because of the 
greater thermodynamic stability of the former 34,35. However, it is well-known that 
in practise, the chemical leaching of covellite in both acidic, chloride and sulphate 
solutions render almost complete yields of elemental sulphur 
(see 2.4.1 Chemistry of Reaction). Furthermore, the conventional diagram 
correctly predicts that the oxidation of chalcocite at pH 2, for example, will 
produce covel lite , but then also predicts the latter to form chalcocite at even 
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Figure 2.2.1 : Copper-Sulphur-Water System with Soluble Species at 0.1 M 
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Figure 2.2.2 : Copper-Sulphur-Water System with Soluble Species at 0.1 M 












At pH 2, Figures 2.2.1 and 2.2.2 show that chalcocite is oxidized to covellite, 
which in turn is oxidized to cupric ions and elemental sulphur at potentials above 
about 0.6 V (vs. SHE), as observed in practise. In addition, it can also be seen 
that in the range pertaining to most atmospheric leaching processes 
(pH 0 to pH2), the oxidation of the mineral is predicted to be independent of 
acidity, which is also observed in practise. This is not so in the case of the 
conventional Pourbaix diagram (Figure 2.2.3). 
An example of the conventional Pourbaix diagram for the copper-sulphur-water 
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Figure 2.2.3 Pourbaix Diagram for the Copper-Sulphur-Water System for Unit 











Chloride Complexation of Copper Species 
In contrast to the sulphate system where copper is present as cupric ions only, 
both cupric and cuprous ions can exist in the chloride system as chloro-
complexes 33,38,44 . 
Figures 2.2.4 and 2.2.5 show species distribution diagrams for the 
cuprous / chloride and cupric / chloride systems, which were generated from 
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Figure 2.2.4 Species Distribution Diagram for the cum / cr System at 25°C 
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Figure 2.2.5 Species Distribution Diagram for the Cu(l!) I cr System at 25°C 
by Nicol 41 
The species distribution diagram for the Cu(l) I cr system shows that among 
Cu+, CuCl, CuCI2- and CuC13
2
-, the latter two are the predominant cuprous ion 
species over the chloride concentration range of a to 100 giL, at 25°C. And, for 
the Cu(lI) I cr system, Cu2+ and CuCI+ are the predominant cupric ion species at 
25°C. However, it should be emphasized that the distribution of such species is, 
apart from chloride concentration, also affected by change in temperature, 
because of the fact that the various equilibria (equilibrium constants) are 
temperature-dependent 33,38,42. 
Chloride Complexation of Iron Species 
Likewise, iron species can also be complexed with chloride ions, with Fe(llI) 











Figure 2.2.6 shows an example of a species diagram for the Fe(lIl) / cr system, 
which was also generated from thermodynamic data of the NIST database 40, 
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Figure 2.2.6 Species Distribution Diagram for the Fe(ll!) / cr System at 25°C 
by Nicol 41 
Effect of Complexation on the Oxidation-Reduction Potential 
The formation of complexes between a metal ion and a ligand can have a 
significant effect on the value of the oxidation-reduction potential 33 For 
example, consider the half-cell reaction for the cupric / cuprous couple: 
(2.2 .1 ) 
The value for the standard potential (EO) is 0.162 V (vs. SHE), i.e. under 











of 1 atmosphere and all the dissolved species at an activity 
(thermodynamic concentration) of 1 molal, at 25°C (298.15 K) 38. However, for 
diluted solutions, activity and fugacity can be approximated by concentration and 
(partial) pressure, respectively 33,39. 
Thus, the potential under non-standard conditions (or formal potential), at 
concentrations other than unity (at 25°C), can be calculated by using the Nernst 
equation as follows 33,38. 
(2.2.2) 
And , at a total chloride concentration of 50 gIL: [Cu+] = 1.45 x 10-11 M 
(data from Figure 2.2.4) and [Cu2+] = 5.37 x 10-3 M (data from Figure 2.2.5). 
Therefore, 
E = 0.162 - 0.059110g(1.45 x 10-11 15.37 x 10-3) 
E = 0.668 V (vs. SHE) 
Thus, in the presence of a ligand such as chloride ions, the potential will change 
due to complexation of the cupric and cuprous ions rendering altered 
concentrations of both the free cupric (Cu2+) and cuprous (Cu+) ions. In other 
words, the effect of complexation can be viewed as a reduction in the activity of 
both the free Cu2+ and Cu+ ions. 
Thermodynamics of the Oxidation of Covellite in Chloride Solutions 
Figure 2.2.7 schematically shows the oxidation of covellite in an acidic, 
oxygenated, sulphate system (in the presence of ferric ions) in comparison to an 
















Cu(II) + so 
+ + 
Fe(lI) Cu(l) 
(a) Sulphate (b) Chloride 
Figure 2.2.7 : Oxidants for the Leaching of Covellite in (a) the Sulphate System 
and (b) the Chloride System - Adapted from Nicol 37 
From a thermodynamic viewpoint (Table 2.2.1), both 02/ H20 (EO = 1.229 V) and 
Fe(llI) / Fe(lI) (EO = 0.771 V) redox couples can facilitate oxidation of covellite to 
cupric ions and elemental sulphur in a sulphate system (EO = 0.631 V). However, 
from a kinetic consideration, it is known that the 02 / H20 couple is very 
irreversible with respect to the covellite surface 18,41,45, and that the kinetics of 











On the other hand, the Fe(III) / Fe(II) couple is much more reversible on the 
mineral's surface than the 02 / H20 couple 41 and the kinetics of oxidation 
proceed much faster 49.50. Thus, in a sulphate system, ferric ions act as primary 
oxidant in the oxidation of covellite and dissolved oxygen plays a secondary role 
by facilitating the regeneration of primary oxidant, i.e. oxidation of ferrous to ferric 
ions. 
Table 2.2.1 Some Relevant Reduction Potentials 45 
.. 
EO or E 
Reaction Equation Solution 
(vs. SHE) 
02 + 4H+ + 4e- = 2H2O 1.229 
Fe3+ + e- = Fe2+ 0.771 
Fe(III) + e- = Fe(II) 1 M cr 0.74 
Cu2+ + e- = Cu+ 0.162 
Cu(II) + e- = Cu(I) 1 M cr 0.492 
Cu2+ + So + 2e- = CuS 0.631 
Cu(II) + So + 2e- = CuS 1 M cr 0.583 
Cu(I) + So + e- = CuS 1 M cr 0.675 
1) EO standard potential, i.e. at standard conditions 
2) EO' formal potential, i.e. at non-standard conditions (25°C) 
In a chloride system, cuprous ions are stabilized by complexation, which 
introduces a fast and very reversible redox couple, namely the Cu(II) / Cu(I) 
couple 33,41,45. In fact, it has been shown that this redox couple has a higher 
degree of reversibility than the Fe(III) / Fe(II) couple on platinum 33, on a 
corroding chalcopyrite surface 51,52, as well as on a corroding covellite surface 53. 
Thus, under appropriate conditions, the Cu(II) / Cu(I) redox couple can also 
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Figure 2.2.8 Potentials of Various Couples in the Cu(11) I Cu(l) I So System 
at 25°C by Nicol 47 
Figure 2.2.8 summarizes the thermodynamics of the various redox couples 
involved in a system with initial concentration ratios of Cu(II) I Cu(I) = 100 and 
Fe(III) I Fe(II) = 0.001, which is so constructed that these couples are in 
equilibrium with the following couple, 
CuS = Cu(I) + So + e- (2.2.3) 
for a total chloride concentration of 15 gIL and a total copper concentration of 
1 gIL 47. The graphs show that covellite is unstable in the presence of cupric ions 
under these conditions. Thus, as a result of the increased stability of cuprous 












For the same reasons as mentioned before, cupric ions will act as the primary 
oxidant and dissolved oxygen will facilitate regeneration of the primary oxidant, 
i.e. oxidation of cuprous to cupric ions. 
2.3 Chloride Leaching Processes for Copper Sulphide Minerals 
The driving force behind the development of hydrometallurgical technologies for 
the leaching of copper sulphide minerals originated, to a large extent, from an 
environmental need to control sulphur dioxide (802) emissions from smelters 54. 
Consequently, much time, money and energy have been spent to date on the 
development of such technologies, which also includes numerous chloride 
leaching processes. 
Table 2.3.1 lists a number of the more important chloride leaching processes of 











Table 2.3.1 Chloride Leaching Processes for Copper Sulphide Minerals 
Process Feed Material Scale Reference 
Hoepfner Concentrate Laboratory (small) 42 , 55 
U.S. Bureau of Mines Concentrate Laboratory (large) 44 , 54 
MINTEK Concentrate Pilot plant 44, 54 
Noranda Concentrate Laboratory 56, 57 
ELKEM Concentrate Pilot plant (small) 44 
CYMET Concentrate Pilot plant 
44,54,56, 
57 
CLEAR Concentrate Industrial plant 44, 54 , 56 
Minemet Recherches Concentrate Pilot plant 44,54 
CUPREX Concentrate Pilot plant 44, 54, 56 




(ready for commercialization) 
Sumitomo Concentrate Pilot plant 57 
BHAS Matte Industrial plant 56,57 
Pilot plant 
PLATSOLTM Concentrate (ready for commercialization) 57 
NorthMet mine, USA 
Demonstration plant 
HydroCopperTM (Outotec) Concentrate (ready for commercialization) 56,57, 58 
Erdenet mine, Mongolia 
Semi-industrial plant 
(Sossego mine, Brazil) 
CESL Concentrate 57 
Industrial plant 
(Highland Valley Copper) 
Cuprochlor 
Low-grade,whole ore Industrial heap leach operation 
59 (supergene material) (Michilla mine, Chile) 
Company A Concentrate / milled ore Laboratory (small) 60 
Company A 
Low-grade, whole ore 
Column-scale (1 m and 6 m) 60 (chalcopyrite-bearing) 
Company A 
Low-grade,whole ore Industrial heap leach operation 











Hoepfner Process 42.55 
As early as the 1890's, Hoepfner discovered that copper could be solubilised 
from copper sulphide minerals in chloride solutions with elemental sulphur as a 
product of the reaction . This led to a patented process in 1893, which drew 
considerable interest again during the 1970's. A modified version of this process 
comprised the following process steps: 
• Leach: Cupric chloride leaching in acidic, inert (oxygen-free) chloride 
solutions at ambient pressure and 105°C, e.g. 
NaCI 
CuFeS2 + 3Cu2+ - 4Cu+ + Fe2+ + 2SO 
H20 
NaCI 
CU2S + 2Cu2+ - 4Cu+ + So 
H20 
NaCI 





• Purification: Elemental sulphur recovery from the solids residue followed by 
removal of any concomitant, solubilised metals (such as iron) from solution by 
metal hydroxide precipitation, e.g . 
(2.3.4 ) 
(2.3.5) 
• Electrolysis: One-electron electrolysis in a diaphragm cell to deposit copper 















• Recycling: Finally, recycling of the anolyte as leach reagent. Additional 
cupric ions could also be generated by oxidation of cuprous ions 
(in cell effluent) with hydrochloric acid and oxygen, e.g. 
(2.3.8) 
The process is relatively straightforward without multi-phased steps and its 
closed-recycle nature and possible adaptation to other substrates adds to its 
appeal. One-electron electrolysis of cuprous ions also has the potential to save 
energy and to reduce much of the size of the facility. Furthermore, using cupric 
chloride as the oxidant, especially so with chalcocite- and covellite-bearing 
concentrates, introduces no foreign ions into solution that may render process 
complications. 
However, concentrates, especially chalcopyrite-bearing, present problems with 
respect to leaching (excess leach reagent necessary and incomplete reaction), 
elemental sulphur recovery, separation of concomitant metals due to co-
precipitation of copper and incomplete material balances. 
CYMET Process 44,54,56,57 
The Cyprus Metallurgical Processes Corporation (CYMET) originally conducted 
anodic dissolution of copper mineral sulphide concentrates in slurries with direct 











Thereafter, they developed a process, which comprised a two-stage, counter-
current leach with ferric and cupric chloride in the presence of sodium chloride. 
The process operated at ambient pressure and 98°C and achieved 99% overall 
copper dissolution after 3 hours in each stage. 
After thickening and filtration, the pregnant leach solution was vacuum-cooled to 
about 40°C to crystallize about half the copper as cuprous chloride. The latter 
was centrifuged, washed, dried and then reduced with hydrogen in a fluidized-
bed reactor (500°C). Copper nodules suitable for fire-refining to copper wire-bars 
were produced in this way. 
The spent leaching solution was regenerated by oxidation of cuprous and ferrous 
ions by hydrochloric acid and oxygen to cupric and ferric ions, respectively. In 
addition, the iron level in the solution was controlled by ~-goethite and sodium 
jarosite precipitation. 
A continuous pilot plant, which treated about 20 tId of chalcopyrite-bearing 
concentrate, was operated for a period of four years until 1982. The results 
demonstrated that high copper dissolutions were achievable and that copper 
could be successfully recovered from solution by non-electrowinning methods. 
All parts of the process were reported as technically feasible and all corrosion 
problems to have been overcome. However, a major drawback of this process 
was that silver in the concentrate was extensively solubilised in the leaching 
circuit; consequently, much of the latter reported to the cuprous chloride crystals 
and, from there, to the metallic copper. 
CLEAR (Copper Leaching Electrowinning and Recycle) Process 44.54,56 
The Duval Corporation developed a process for the treatment of chalcopyrite-











The process entailed a two-stage, counter-current leach in which the concentrate 
is only partially leached during the first stage at 105°C and according to: 
CuFeS2 + 3CuCI2 --+ 4CuCI + FeCIz + 2So (2.3.9) 
FeCI3 + CuCI --+ FeCI2 + CuCI2 (2.3.10) 
The solution from the first stage was treated with copper metal to ensure that all 
the copper was present as cuprous ions in solution and the clarified solution was 
sent to electrolysis to produce copper metal powder by electrolysis. The anolyte, 
which contained cupric ions, was recycled to the second-stage leach. 
The solids residue from the first stage was further leached, at 330 kPa 02 and 
150°C, in a second stage. Sulphate and iron control was affected by potassium 
jarosite and f3-goethite precipitation in this stage. 
A large-scale, demonstration plant was continuously operated until 1982, which 
demonstrated the general viability of the chloride processing route for 
chalcopyrite-bearing concentrates. However, needs for improvement of solution 
purification, recovery of by-products and control of the anodic and cathodic 
reactions in chloride electrowinning circuits were identified. 
CUPREX Process 44,54,56 
In this process, concentrate is leached with ferric chloride at atmospheric 
pressure and 95°C to produce cupric ions and elemental sulphur. Excess 
oxidant (ferric chloride) is necessary to ensure that all the copper is present as 
cupric ions in solution. The leaching reactions are given as: 











CuFeS2 + 3FeCb - CuCI + 4FeCI2 + 2So (2.3.12) 
CuCI + FeCI3 = CuCb + FeCI2 (2.3.13) 
After liquid-solids separation, the pregnant leach solution is cooled, treated with 
calcium chloride to precipitate gypsum and then contacted with a kerosene 
solution (OS 5443) to selectively (solvent) extract cupric chloride according to: 
Cu(ll) (aq) + 2cr (aq) + 2L (org) = L2CuCI2 (org) (2.3.14) 
The loaded organic is scrubbed to remove minor impurities and then stripped 
with water at 65°C. The concentrated cupric chloride solution is sent to the 
electrowinning cell. The Metchlor-diaphragm cell allows separation between the 
anolyte and catholyte solutions by a cation-selective (ion-exchange) membrane. 
This allows maintaining the charge balance in the catholyte solution by transfer of 
sodium ions from the anolyte solution. 
Copper is deposited as powder (granules) at the cathode, while chlorine gas is 
generated at the anode. The chlorine gas is recovered and used to oxidize 
cuprous to cupric ions, which are generated during electrolysis. The resultant 
cupric ions are extracted in a separate ("reforming") solvent extraction stage. 
The loaded organic from this stage is mixed with the organic feed to the main 
solvent extraction circuit. 
The process produces high-purity copper powder at high current efficiency (94%) 
and with a specific energy consumption of 2.66 kWh I kg Cu. The silver content 
of the copper powder is less than 1 ppm and, in fact, this process should allow 
for the recovery of high-grade silver by-product from the raffinate. The solvent 













However, the overall flowsheet is somewhat complex and the ion-selective, 
membrane cells may be difficult to maintain in an industrial environment. Finally, 
it may also well be argued that this process suffers from a double disadvantage: 
1) eletrowinning of cupric ions and 2) copper powder is produced. 
HydroCopperTM Process 56,57,58 
Outotec's process is tailored for the leaching of copper sulphide mineral 
concentrates in continuous, stirred-tank reactors. A block diagram of the process 
is presented in Figure 2.3.1. 
Copper Concentrate Leach Residue 
I 
Leaching 
CuFeS2 + Cu(II)CI2 + 0/.02 = 2CU(I)CI + Y2Fe203 + 2So 
CuCI Cu2+ 
Oxidation of Cu + 
Solution Purification - Cu(I)CI + Y2C12 --+ Cu(II)CI2 
CuCI 
CU20 Precipitation NaOH 
CI2 
CuCI + NaOH --+ Y2CU20 + NaCI + Y2H2O 
NaCI 
CU20 
Reduction, Melting and Casting H2 Chlor-Alkali Electrolysis 
Y2CU20 + Y2H2 --+ Cuo + Y2H2O NaCI + H20 --+ NaOH + Y2C12 + Y2H2 
t 
Copper Product 











The concentrate is leached in strong sodium chloride solutions at atmospheric 
pressure and 85°C to 95°C. The purified, pregnant leach solution is treated with 
sodium hydroxide to recover copper by precipitation of cuprous oxide. Air or 
oxygen is sparged into the leach reactors to oxidize ferrous to ferric ions, which 
are precipitated at pH 1.5 to pH 2.5. Sulphide sulphur is removed in its elemental 
form; however, about 10% to 15% is oxidized to sulphate, which is removed by 
gypsum precipitation. 
After removal of all the sulphides, the solution potential in the final stage of the 
counter-current leach increases high enough to allow for gold dissolution as a 
chloro-complex. Recovery of the latter is achieved by either activated carbon or 
chemical precipitation. Silver is recovered by cementation with copper powder. 
Chlor-alkali electrolysis is used to regenerate reactants, e.g. sodium chloride is 
decomposed into chlorine gas, hydrogen gas and sodium hydroxide. Chlorine is 
used for the oxidation of cuprous to cupric ions in the leach, sodium hydroxide 
solution is recycled for the precipitation of cuprous oxide and hydrogen is used 
for the reduction of cuprous oxide. 
Cuprous oxide is reduced with hydrogen gas in a rotary kiln at 500°C to produce 
a very fine copper powder. This is then melted in an induction furnace to 
produce copper-wire rod or other cast products of copper. 
This technology has been tested at demonstration scale (1 t Cu / day) on various 
copper sulphide mineral concentrates and eventually resulted in the first 
HydroCopperTM industrial plant being constructed at the Erdenet mine in 
Mongolia. 
Table 2.3.2 lists some of the identified strengths and weaknesses of chloride 











Table 2.3.2 Strengths and Weaknesses of Chloride Leaching Processes 54,56,57 
Strengths 
Fast kinetics for copper dissolution 
(making atmospheric conditions viable) 
High extents of copper dissolution 
No sulphur dioxide (S02) emissions 
Elemental sulphur formation 
(little sulphate formation) 
Atmospheric pressures viable 
Weaknesses 
Corrosion 
(special materials of construction) 
High capital and maintenance costs 
Direct electrowinning does not produce 
LME grade A copper (cathode) 
Poor quality (purity and morphology) 
copper products requires further 
(electro-) refining 
Large energy requirements 
(mixing and oxygen dispersion) 
Recovery of elemental sulphur from the 
Low temperatures (below 1 aaOC) viable solids residue requires additional 
Smaller solution volumes 
(due to high copper solubility) 
Oxidants easily regenerated 
(cupric and ferric ions) 
Pyrite (FeS2) inert 
Silver dissolution 
Recovery of valuable by-products 
(gold and silver) 
Decoupling of metal production 
(from acid manufacture) 
Economically competitive 
(for unconventional concentrates) 
attention 
Total sulphide sulphur removal 
required if gold is to be recovered from 
the solids residue 
Selenium content of elemental sulphur 
remains a general concern 
It is almost certain that traditional smelting and refining processes will remain 
unchallenged with regard to the processing of large tonnage of concentrates for 











However, hydrometallurgical processes, including chloride leaching technologies, 
will certainly find a niche application in the copper industry, e.g. for the treatment 
of complex concentrates 54, for concentrates containing high-value elements 
(such as gold and silver) 54, as well as for high-impurity 56 or so-called "dirty" 57 
(such as arsenic-bearing) concentrates. In addition, these processes may also 
find usefulness in extending the life of existing, but obsolete, solvent 
extraction I electrowinning capital equipment 56. 
2.4 Leaching Studies on Covellite 
The chemistry, deportment of reaction products, kinetics and proposed 
mechanisms of the leaching of covel lite are presented with regard to studies 
conducted on either natural or synthetically produced samples. Investigations on 
so-called secondary (or second-stage) covellite, which was produced from the 
leaching of natural or synthetic chalcocite, djurleite or digenite, are also included. 
These investigations were performed at atmospheric pressures (except one 61), 
over the temperature range 20°C to 105°C and, as far as the author is aware of, 
in the absence of active microorganisms. 
2.4.1 Chemistry of Reaction 
Covellite 
One of the earliest fundamental leaching studies on covellite was conducted by 
Sullivan 49. He investigated the dissolution behaviour of the mineral, sourced 
from crystalline (Kennecott, Alaska) and massive (Butte, Montana) natural 
samples, in acidic, ferric sulphate solutions. He found that the mineral dissolved 























Subsequent studies performed in the same medium, on both natural and 
synthetic samples, produced overall reaction equations similar to the one shown 
above (Equation 2.4.1) 62,63,64. However, one of these works reported that, apart 
from elemental sulphur (SO), some sulphate sulphur was also produced. The 
latter constituted 4% of the leached sulphur with the remainder as elemental 
sulphur 62. 
Dutrizac and MacDonald also found that a small amount of sulphate was formed 
in their experiments on pure, synthetic covellite disks and high-grade, natural 
covellite 65. The following equation was reported to describe this reaction: 
(2.4.2) 
Consequently, they proposed a more general, overall equation for the dissolution 
of covellite in acidic, ferric sulphate solutions: 
CuS + (2 + 8x)Fe3+ + 4xH20 -+ Cu
2
+ + (2 + 8x)Fe2+ + (1 - x)SO + XS04 (2.4.3) 
With the values of x such that 0% to 10% of the leached sulphur reported in the 
sulphate form. 
Apart from ferric ion as the oxidant, leaching of the mineral sulphide can also be 
achieved by means of cupric ions as was discussed earlier 42,47,50,61,66-73. For 
example, in the presence of ligands such as chloride ions, the cuprous ion is 
stabilized 33,38,44,74,75. This then introduces a very fast and reversible redox 
couple, which can oxidize covellite effectively, namely the Cu(lI) I Cu(l) couple 
33,41,45. However, in an acidic sulphate system, cuprous ions are unstable and, 
as a result of this, the Cu(ll) I Cu(l) couple is not functional to mediate leaching in 












McDonald and Langer investigated the leaching characteristics of synthetic 
covel lite powder in cupric chloride (CuCI2) I sodium chloride (NaCI) solutions 
under inert gas sparging 42. They described the leaching process by: 
(2.4.4 ) 
It was found that, when the ratio of cuprous to cupric ion was 4 : 1 under their 
conditions, the leaching reaction did not continue to completion. This was 
attributed to an equilibrium attained, which arrested the net forward reaction. 
Furthermore, once this occurred, experimental evidence in support of their 
proposed reaction showed a decrease in elemental sulphur and an increase in 
"bonded" sulphur, i.e. sulphide sulphur bonded to copper in the solids residue. 
In addition, they introduced another reaction for the slow oxidation of elemental 
sulphur to sulphate: 
(2.4.5) 
This accompanied the leaching reaction (Equation 2.4.4) and became dominant 
with the attainment of the equilibrium. Equation 2.4.5 attempted to explain the 
slow deposition of covellite, the continued slow consumption of cupric ions, as 
well as additional sulphate formation and sulphur consumption, which they 
observed. 
Cheng and Lawson 50 studied the kinetics of leaching synthetic covellite in acid, 













They discovered that about 10% of the leached sUlphur was oxidized to sulphate 
in solution, with the remainder as xylene-soluble, elemental sulphur. 
Secondary (or Second-Stage) Govellite 
By means of quantitative experiments on a pure, natural chalcocite (Gu2S) 
sample in acidic, ferric sulphate solutions, Sullivan 76 concluded that the mineral 





With the overall reaction as: 
(2.4.9) 
It was found that very little free sulphur was formed during the first stage of 
leaching (until about 50% of the total copper was extracted) to produce a residue 
with the approximate formula, GuS. However, this residual GuS did not remain 
constant, but continued to undergo change as more copper was dissolved 
(during the second stage) until the ratio of Gu : S became 0.8 - 0.9 : 1. This was 
different from what was found for covellite, where this ratio remained more or 
less 1 : 1 over the duration of the leach 49. 
Many other investigations on chalcocite, which were conducted in either acidic 
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process of dissolution with the formation of an intermediate product ("CuS") as 
was found by Sullivan 76. 
In their study on massive, natural samples, Fisher et al. observed that the 
dissolution of chalcocite in acidic, oxygenated, chloride solutions 
(in the absence of ferric ions) occurred in two, distinct steps 61. They found that 






These investigators stated that the dissolution curves all showed a transition from 
first to second stage at about 40% copper dissolution, which corresponded to a 
blaubleibender covellite formula of CU1.2S. However, the formula, CuS, was used 
in the reaction equations for simplicity. 
Equation 2.4.11 shows sulphate sulphur as one of the major reaction products. 
To the author's knowledge, this has not been confirmed by any other study 
performed under similar conditions. Most studies performed in acidic, chloride 
solutions report the formation of largely elemental sulphur 67.68,69,70,71,73 and, in a 
few cases, also together with small amounts of sulphate 67,69. 
The conventional Pourbaix diagram (Figure 2.2.3; 2.2 Thermodynamics) for the 
sulphur-water system predicts that elemental sulphur can be oxidized to 
bisulphate (HS04-{aq)) or even sulphate (SOl-{aq)) at potentials of greater than 
1:[',: : 












about 0.3 V, over the range pH 0 to pH 2. Therefore, it might be expected that 
when a mineral sulphide such as CuS is oxidized in acidic solutions, only soluble 
copper ions and bisulphate and lor sulphate ions would be obtained. However, 
in practise, it is found that the dissolution reaction produces elemental sulphur 
and very little sulphate. 
Furthermore, if it is assumed that the sulphate is produced from the oxidation of 
elemental sulphur (Equation 2.4.12), then catalysis by sulphur-oxidizing 
microorganisms would be required to make the reaction of any kinetic 
significance (cited from reference in 83). 
(2.4.12) 
In addition, consider the following general reaction equation, which describes the 
oxidation of a mineral sulphide (MS) in acidic, ferric ion solutions: 
(2.4.13) 
It has been shown that the sulphur produced from the above reaction could be 
oxidized according to the equation (cited from reference in 84): 
(2.4.14) 
Although the reaction is thermodynamically feasible, the reaction kinetics are 
very slow; therefore, this reaction may also explain the small amounts of sulphate 
sulphur observed by some investigators. This is essentially the same reaction 
that has been proposed by McDonald and Langer (Equation 2.4.5) to explain the 
presence of some additional sulphate sulphur 42. Another way of writing their 












Cheng and Lawson investigated the kinetics of leaching of synthetic chalcocite in 
acidic, oxygenated, chloride solutions 67. They suggested that the dissolution of 





It was found that a series of copper-deficient (chalcocite) intermediate products 
were formed during the first stage before "stable" covellite was produced. For 
example, blaubleibender covellite, covellite and trace amounts of sulphate 
sulphur were identified after about 46% copper dissolution. However, no 
elemental sulphur was detected, which led them to conclude that: 1) very small 
(trace) amounts of elemental sulphur were formed on the particle surface during 
the first stage, 2) the elemental sulphur was subsequently oxidized to sulphate 
and 3) the second stage proceeded in parallel with the first stage and that the 
rate of leaching of the second stage only became significant once about 40% of 
the copper initially present had been extracted. 
In addition these workers found that less than 1 % of the sulphide sulphur initially 
present in the chalcocite was converted to sulphate with more than 95% of the 
copper dissolved. This was far less than the 10% they found when leaching 
covellite under similar conditions 50. They attributed this to the possibility that the 
secondary (or second-stage) covellite was more "active" and therefore yielded a 














Vracar et al. 70 studied the leaching of finely-grained, Cu(l) sulphide samples in 
acidic, oxygenated (calcium) chloride solutions and proposed a two-stage 
process with reactions the same as by Cheng and Lawson 67. Furthermore, they 
found that apart from elemental sulphur, their solids residue also contained: 
CaS04·0.5H20, Ca(CI03)'2H20 and Cu2CI(OHh. 
It is interesting to note the presence of gypsum (CaS04·0.5H20), which indicates 
that some sulphate (or bisulphate) sulphur was produced during the leach. 
Studies executed in acidic, chloride solutions (in the absence of ferric ions) on 
chalcocite intermediate products such as djurleite (CU1.97S) 72,73 and digenite 
(CU1.8S) 69,73 in general showed a similar two-stage process for the dissolution of 
these minerals, with the formation of secondary covellite. Some of the reaction 
equations suggested from these investigations: 
Djurleite 72 
First Stage: 
















In summary of what has been presented on the reaction chemistry of the 
leaching of both covellite and secondary covellite, it seems that: 
• Cupric ions can oxidize covellite in acidic, chloride solutions; 
• Ferric ions can oxidize covellite in both acidic, chloride and acidic, sulphate 
solutions; 
• Oxygen can oxidize covellite; 
• Cupric ions are reduced to cuprous ions during the oxidation of covellite; 
• Ferric ions are reduced to ferrous ions during the oxidation of covellite; 
• The oxidation of covellite produces soluble copper and mostly elemental 
sulphur; 
• Small amounts of sulphate sulphur may be produced during the process of 
oxidation, and 
• Less sulphate sulphur is produced during the oxidation of secondary covellite. 
2.4.2 Deportment of Reaction Products 
It was shown that cupric ions oxidized covellite to produce cuprous ions and 
elemental sulphur in acidic, chloride solutions (in the absence of ferric ions) 
under inert gas sparging 42. 
However, in the presence of dissolved oxygen, cuprous ions can be oxidized 
back to cupric ions and the rate of oxidation is appreciable fast 85,86. Likewise, 
ferrous ions can also be oxidized back to ferric ions, but the rate of chemical 
oxidation in acidic sulphate and chloride solutions is much slower, even when 
catalyzed by copper ions in the latter medium 33,86,87,88. 
Studies in acidic, chloride and sulphate solutions showed that ferric ions oxidized 
covellite to produce soluble copper ions, ferrous ions and elemental sulphur. The 
latter seemed to retain the mineral particle's original outline, which only 












The sulphur formed a thin, coating layer across the mineral's leached surface, 
although most of the sUlphur was concentrated in a few areas. In addition, it was 
found that the sulphur always contained some retained, fine-divided covellite·65. 
Cheng and Lawson observed the formation of a growing layer of large, well-
defined sulphur crystals in chloride solutions 50. They believed that this allowed 
the leaching reagents to penetrate the sulphur product layer and made the 
mineral surface more accessible for reaction. Nevertheless, the formation of 
sulphur on the mineral surface still had a retarding effect on the kinetics of 
dissolution, which improved markedly once the SUlphur had been removed with 
xylene. 
King et a/. found that elemental sulphur appeared in the second-stage of leaching 
synthetic chalcocite in acidic, ferric chloride solutions 81. The sulphur always 
appeared in the holes or pores of a porous structure of fibrous, residual covellite 
and never formed a massive layer under the conditions tested. He also observed 
that material with the compositions CUO.79S and CUO.9S, which were produced 
from partially leached synthetic chalcocite, were the first to show the presence of 
orthorhombic sulphur in the XRD pattern. 
Some investigators discovered that, apart from elemental sulphur, some sulphate 
SUlphur was also produced in solution 42,50,62,65,67,69,70 and the formation thereof 
seemed more pronounced closer to the melting point (112.8°C 89) of sulphur 42. 
However, it seemed that significantly less sulphate was formed during the 
leaching of secondary covellite as compared to covellite 42,50, which was 
attributed to the greater "reactivity" of secondary covellite 67. 
And finally, Sullivan found that the Cu : S ratio for residual, covellite remained 
more or less constant at about 1 : 1 49, whereas the ratio for secondary covellite 











No explanation for this difference in behaviour is given, but it may well be due to 
the greater "reactivity" of secondary covellite, because of the mineral's large 
surface area. 
2.4.3 Kinetics of Dissolution 
The kinetics of dissolution of covellite and secondary covellite will be discussed 
with respect to the following: acidity, chloride ion concentration, cupric ion 
concentration, cuprous ion concentration, dissolved oxygen concentration 
(or oxygen partial pressure), particle size / surface area and temperature in 
acidic, chloride solutions. 
In addition, some examples of typical rates of dissolution will also be presented 
under the temperature section. 
Acidity 
King et al. found that the rate of dissolution of secondary covellite was 
independent of the hydrochloric acid (HCI) concentration from 0.05 M to 0.8 M 81. 
This finding was confirmed by Fisher et al. 61 from 0.175 M H+ to 1.4 M H+, by 
Deng et al. 68 from 0.07 M H2S04 to 0.36 M H2S04 (under oxygen-free 
conditions) and by Ruiz et al. 69 over the ranges: 0.6 M HCI to 1.2 M HCI at 1.5 M 
cr (total) and 0.2 M HCI to 2 M HCI at 2.5 M cr (total) and 3.4 M cr (total), 
respectively. However, the latter investigator observed the precipitation of what 
was thought to be cupric oxychloride, CuCI2·3Cu(OHh, at initial acid 
concentrations lower than 0.2 M HC!. This was attributed to the depletion of acid 
in the leaching system. 
In contrast to the above findings, the results of Cheng and Lawson showed that 
the rate of dissolution of secondary covellite increased Slightly with increased 












acid concentration to 2 M H2S04 resulted in a slight decrease in the rate of 
dissolution. This was attributed to decreased dissolved oxygen at combined, 
high chloride and sulphate concentrations. 
In oxygenated solutions, Deng et al. also noticed a small increase in the rate of 
secondary covel lite dissolution with increased sulphuric acid concentration from 
0.1 M to 0.6 M 68. However, it was stated that the effect was not that Significant, 
provided that at least 0.1 M H2S04 was maintained in solution. These 
investigators emphasized the importance to operate at conditions well-below 
pH 3 in order to prevent the precipitation of the basic cupric chloride - atacamite 
(Cu2(OHhCI). 
Cheng and Lawson found that the rate of covellite dissolution increased slightly 
with increased sulphuric acid concentration over the range 0.005 M to 0.5 M 50. 
Further increase in acidity to 2 M H2S04 again rendered a slight decrease in the 
kinetics. In addition, it was found that at acidities of about pH 4, a yellow-green 
solid precipitated, which was identified as basic copper chloride (Cu2(OHhCI). 
The effect of acidity on the rate of dissolution of covellite was difficult to evaluate 
since the pH of the leaching medium was not maintained constant in the above 
studies to the author's knowledge. In addition, in some cases, more than one 
variable was also changed at a time, either directly or indirectly, which clouded 
interpretation even further. 
In conclusion, the author is of the opinion that, if there is an effect of acidity on 
the rate of dissolution of covellite, it does not seem to be significant. More 
importantly it seems, under the above conditions, is to maintain the leaching 
medium well-below pH 3 in order to prevent cupric ions to precipitate from 













Chloride Ion Concentration 
Sullivan observed that the rate of dissolution of covellite was slower in acidic, 
ferric chloride than in acidic, ferric sulphate solutions at low temperature (35°C) 
49. However, the rates of dissolution were virtually the same at high temperature 
(98°C). The latter observation was confirmed by other workers 90,91. 
The same investigator also found that, at low temperature (35°C), the rate of 
dissolution of secondary covellite was virtually identical in both systems 76. 
However, at elevated temperature (98°C), the rate of dissolution was faster in an 
acidic, ferric chloride solution. No explanation was given for these observations. 
Many investigators observed that the rate of dissolution of both covellite and 
secondary covellite was enhanced appreciably in the presence of some chloride 
ions in acidic, oxygenated solutions (in the absence of ferric ions) and that the 
rate of dissolution increased with increased chloride concentration up to a 
specific value 50,61,67,68,71. However, above this value, the kinetics were found to 
be independent of chloride concentration. In other words, the rate of dissolution 
did not increase with further increase in chloride concentration above such a 
value. 
For example, Cheng and Lawson found that the rate of dissolution of covellite 
increased linearly when the chloride ion concentration was increased from 
0.01 M to 0.5 M; thus, the reaction was found to be first order with respect to the 
chloride ion concentration over this range 50. However, a further increase in 
chloride concentration to 2 M had no effect on the rate of dissolution. This was 














Also, Deng and Muir showed that the rate of dissolution of secondary covellite 
increased with increased chloride ion concentration over the range 0.04 M to 
0.5 M; however, the increase in kinetics from 0.1 M cr to 0.5 M cr was only 
marginal 68. These workers stated that there was no advantage with respect to 
the kinetics with a further increase in chloride concentration. This finding was 
confirmed by Fisher et al. 61 for 0.2 M cr to 1 M cr, Vracar et al. 70 for 0.25 M cr 
to 0.75 M cr and Deng et al. 71 over the range 0.25 M cr to 2 M cr. 
On the other hand, the results of Cheng and Lawson showed that the rate of 
dissolution of secondary covellite increased with increased chloride ion 
concentration from 0.1 M to 2 M 67. And, likewise, Ruiz et al. 69 observed an 
increase in the kinetics over the range 1 M cr to 5 M cr; thus, increased kinetics 
up to much higher chloride concentrations. 
An analysis of the former workers' data shows that the rate of dissolution is 
second order with respect to the chloride ion concentration over the range 0.1 M 
to 0.5 M. Over this range, the dissolved oxygen concentration is more or less 
similar (14 mg/L to 16 mg/L) according to the method of Narita et al. 92. A further 
increase in chloride concentration to 2 M shows a small decrease in the rate of 
dissolution, which may, in all likelihood, be due to the lower dissolved oxygen 
concentration of 8.9 mg/L. 
The data of Ruiz et al. show a O.ih order dependency of the chloride ion 
concentration on the rate of the reaction over the range 1 M to 5 M. 
Cupric Ion Concentration 
In contrast to the leaching of brass and copper scrap metal with cupric ions in 
acidic, oxygen-free, chloride solutions 93, McDonald and Langer found that 
minerals such as chalcocite and covellite did not leach to completion in such 












Their explanation, which entails the establishment of a thermodynamic 
equilibrium (Equation 2.4.4) arresting the dissolution process, has already been 
discussed (see 2.4.1 Chemistry of Reaction). 
Deng and Muir emphasized the importance of high concentrations of cupric ions 
in order to promote fast kinetics in acidic, oxygen-free, chloride solutions 68. 
These investigators believed that the dissolution of secondary covellite was 
potential (Eh) controlled and that as the concentration of cuprous ions in solution 
increased, the potential decreased until an equilibrium (Equation 2.4.4) was 
reached at the rest potential of the residual mineral. Therefore, they believed 
that the extent of dissolution was limited by pulp density and the Cu(lI) : Cu(l) 
ratio. 
Their results showed that the extent of dissolution increased with decreased pulp 
density for a fixed, initial cupric chloride concentration. In other words, an 
increase in the extent of dissolution with an effective increase in the 
Cu(lI) : mineral molar ratio, 
Ruiz et ai, also found that the extent of dissolution of secondary covellite 
increased with increased cupric chloride concentration, at a constant total 
chloride ion concentration of 3 M, in acidic, chloride solutions under nitrogen 
sparging 69. These workers ascribed this to the displacement of the equilibrium 
(Equation 2.4.4) to the right with an increase in cupric ions in solution. In 
addition, they also made the important comment that, if the leaching of the 
mineral sulphide proceeded by reaction with cupric ions, then the rate of 
dissolution should be affected by the initial cupric ion concentration, which they 
found to be so. 
On the other hand, in the presence of dissolved oxygen, some studies seem to 
indicate that, once present, cupric ions have only a small effect on the rate of 











(in the absence of ferric ions) 68,69. The reason for this is that dissolved oxygen 
facilitates the regeneration of cupric ions by oxidation of any cuprous ions in 
solution. Therefore, if the dissolution reaction were to be limited by an 
equilibrium such as presented in Equation 2.4.4, the regeneration of cupric ions 
will drive the reaction to the right and, consequently, mineral dissolution to (near-) 
completion 69. 
An explanation according to mixed potential theory and, somewhat more 
accurate than that of Deng and Muir 68 , can also be presented in order to explain 
the above from a kinetic point of view. This will be discussed in some detail 
under 2.5 Electrochemistry. 
Cuprous Ion Concentration 
As already discussed, McDonald and Langer reported that an increase in 
cuprous ion concentration to a substantial level prevented the dissolution of 
covellite in acidic, oxygen-free, chloride solutions to proceed to completion 42. 
They found this occurred at a cuprous to cupric ion ratio of about 4 : 1 under their 
experimental conditions. This finding was supported by other workers 68,69. 
Under similar experimental conditions, but in the presence of dissolved oxygen 
where cuprous ions could be oxidized back to cupric ions, the dissolution of 
covellite was not arrested and continued to high extents of dissolution 50,61,67,68,69. 
From the presented observations with regard to both cupric and cuprous ion 
concentrations, it can be concluded that high Cu(II) : Cu(l) ratios would be 
















Dissolved Oxygen Concentration 
Cheng and Lawson observed that the rate of dissolution of covellite in acidic, 
chloride solutions increased with increased oxygen partial pressure over the 
range 5% 02 to 100% 0 2
5°. Rate constants were generated by fitting their data 
to the following equation: 
1 - (1 - a) y, = kt (2.4.21 ) 
With: 
a Fraction of covellite leached 
k Apparent rate constant 
t Reaction time 
The relationship between their apparent rate constant (k) and oxygen partial 
pressure (P02) was of the form: 
(2.4.22) 
With: 
A Proportionality constant 
PQ2 Oxygen partial pressure 
Thus, they reported that their apparent rate constant (k) showed a 0.3 order 
relationship with respect to oxygen partial pressure; however, they could not 












An analysis of their data, where In (initial rate) vs. In(P02) was plotted for copper 
dissolution intervals of 0% to 10%, 10% to 20% ... 50% to 60%, is presented in 
Table 2.4.1 
Table 2.4.1 Reaction Orders (Covellite) 
Range 
x R2 (% Cu) 
0-10 0.32 0.95 
10 - 20 0.28 0.96 
20 - 30 0.28 0.98 
30 - 40 0.30 0.97 
40 - 50 0.22 0.92 
50 - 60 0.24 0.98 
1) Data adapted from Cheng and Lawson :>u 
2) 0.5 M H2S04 , 0.5 M NaCI, 13 IJm, 1 gIL solids and 90°C 
3) x denotes the reaction order with respect to oxygen partial pressure 
The reaction order remains about 0.3 up to 40% copper dissolution; thereafter, it 
seems that the rate of dissolution of covellite becomes slightly less dependent on 
the oxygen partial pressure, which may be due to the thickening layer of 
elemental sulphur forming over time. Although one would expect a value for x 
closer to 0.5, the determined values, at least, indicate the likelihood of 
electrochemical reactions. 
A similar analysis of the same investigators' data for secondary covellite over the 
copper dissolution intervals 0% to 20%,20% to 40% and 40% to 60%, is shown 
in Table 2.4.2. 
Table 2.4.2 Reaction Orders (Secondary Covellite) 
Range 
x R2 (% Cu) 
0-20 1.10 0.97 
20 -40 0.97 0.99 
40 - 60 0.78 0.99 
.'" 1) Data adapted from Cheng and Lawson 
2) 0.5 M H2S04 , 0.5 M NaCI, 23 IJm, 1 gIL solids and 85°C 











The results show a linear dependency of the rate of dissolution of secondary 
covellite with respect to oxygen partial pressure, as was reported by Cheng and 
Lawson, up to 40% copper dissolution 67. Thereafter, the rate of dissolution 
again becomes somewhat less dependent on the oxygen partial pressure, which 
is in all likelihood again due to the thickening layer of elemental sulphur. 
In addition, the results show that the rate of dissolution of secondary covellite has 
a greater dependency on oxygen partial pressure than that of covellite. This is 
probably the result of the greater "reactivity" of the former, because of the 
residual mineral's large, effective surface area 49,61,76,81,94. 
Other workers have also reported on the kinetic advantage with respect to the 
leaching of secondary covellite by operation at increased oxygen flow rates 
68,69,71,73, improved oxygen distribution 71 and pre-oxygenation of the leach 
solution 68. 
In contrast to the above, Fisher et al. found that the rate of dissolution of 
secondary covellite was independent of oxygen pressure over the range 53 kPa 
to 165 kPa in acidic, chloride solutions 61. However, these authors conducted 
their experiments at much higher oxygen pressures than the other studies 
presented in this text. This might be the reason for their finding. 
Particle Size / Surface Area 
It is well-known that the kinetics of dissolution are much faster for secondary 
covellite than for covellite and this phenomenon has been observed and reported 
on for a variety of systems 32,49,50,67,76,95. An example to illustrate this in acidic, 





























Covellite vs. Secondary Covellite 
Test Conditions: 0.5 M H 2SO. , 0.5 M NaCI, 100% O 2, 1 giL solids and 85°C 
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Figure 2.4.1 : Copper Dissolutions (adapted from Cheng and Lawson 50,67) 
48 
The data indicate that the kinetics of dissolution for secondary covellite are more 
than an order of magnitude faster than that for covellite for virtually the same 
initial (mean) particle sizes. This means that, in the case of secondary covellite, 
the apparent surface area (available for reaction) is more than ten times that of 
the superficial area for both the 12 IJm and 58 IJm sizes. Thus, a much larger, 
effective surface area is formed for secondary covellite during the first stage of 
chalcocite leaching 61 . 
The increased surface area is the result of the higher porosity 61 ,76,81 ,95 of 
secondary covellite from diffusion of cuprous ions from the mineral lattice 81 













In addition, it can also be seen (and reported by Cheng and Lawson 50.67) that the 
rate of both covellite and secondary covellite dissolution increases with 
decreased initial particle size. Not highlighted by these workers, is that for 
covellite, the kinetics of dissolution seem to be much more sensitive to change in 
initial particle size when compared to secondary covellite. This is in all likelihood 
again the result of the latter mineral 's larger, effective surface area. 
An analysis of their data, where In(initial rate) vs. In(initial particle size) was 
plotted for copper dissolution intervals of 0% to 10% ... 40% to 50% for 13 !-1m, 
28 !-1m and 58 IJm mean sizes, is presented in Table 2.4.3. 
Table 2.4.3 Reaction Orders (Covellite) 
Range x R2 (% Cu) 
0-10 -0.74 1.00 
10 - 20 -0.79 0.99 
20 - 30 -0.61 1.00 
30 - 40 -0.45 1.00 
40 - 50 -0.55 0.99 
1) Data adapted from Cheng and Lawson :>u 
2) 0.5 M H2S04 , 0.5 M NaCI, 100% O2 , 1 gIL solids and 85°C 
3) x denotes the reaction order with respect to initial particle size 
The results show that the rate of dissolution of covellite is inversely proportional 
to the initial particle size, with the reaction order ranging from more or less 0.8 to 
0.5 up to 50% copper dissolution. Therefore, as noted previously, the rate of 
dissolution also seems to become slightly less dependent on the initial particle 
size over time . 
For secondary covellite, over the copper dissolution intervals 0% to 20% ... 












Table 2.4.4 Reaction Orders (Secondary Covellite) 
Range 
x R2 (% Cu) 
0-20 -0.28 0.99 
20 - 40 -0.36 0.99 
40 - 60 -0.35 0.98 
60 - 80 -0.25 0.99 
1) Data adapted from Cheng and Lawson Of 
2) 0.5 M H2S04 , 0.5 M NaCl, 100% O2 , 1 gIL solids and 85°C 
3) x denotes the reaction order with respect to initial particle size 
The reaction order ranges from 0.3 to 0.4 up to 80% copper dissolution, with the 
rate of dissolution of secondary covellite inversely proportional to the initial 
particle size. In addition, the results show that the kinetics of dissolution have a 
greater dependency on the initial particle size for covellite than for secondary 
covellite. 
In their study, Fisher et a/. found that the rate of dissolution of secondary covellite 
was independent of initial (average) particle size over the range 126 !-1m to 
252 !-1m 61. They attributed this to the extraordinary porosity of the residual 
mineral , which increased the effective surface area to such an extent that it lost 
any relationship to the initial surface area. This was found to be the case by 
some other investigators as well 76,94,96. 
Temperature 
All the presented studies showed that the rate of dissolution of both covellite and 
secondary covellite increased with increased temperature and that the 
dependency on temperature was strong 32,42,50,61,66-73,81. 
The reported apparent activation energies for some of these studies are 
summarized in Table 2.4 .5, together with the author's own determined apparent 











It was found that some of these workers 50,61,67 corrected their rates of dissolution 
(or apparent rate constants) for decreased dissolved oxygen concentration with 
increased temperature prior to their Arrhenius plots, while others 69,81 
(including the author of this text) did not. 
Nevertheless, as it can be seen from the data presented in Table 2.4.5, the 
author's apparent activation energies agree reasonably well with those of the 
investigators (especially so, during the initial stages of leaching), except for one 
study 61, of which the data rendered much poorer linear regression fits than all 
the other studies. 
The high values for the apparent activation energy, which spans a range of 
50 kJ.mor1 to 122 kJ.mor1 (author's values), indicate that the reaction at the 
mineral surface is most likely controlled by a chemical (or electrochemical) 
reaction for both covellite and secondary covellite, since these values exceed 
40 kJ.mor1 33. 
From the results of the two studies conducted at virtually the same experimental 
conditions (except for initial particle size) 50,67, it is interesting to note a slightly 
larger value of 77 kJ.mor1 for covellite than the 69 kJ.mor1 for secondary 
covellite. The uncorrected values show similar results during the initial stages of 
leaching; thereafter, the values for covellite increase over time, whereas those for 
secondary covellite show a decrease. The reason for this is unknown at this 
stage. 
King et al., whose study was conducted in the presence of ferric ions, also found 
that the apparent activation energy increased over time, from 101 kJ.mor1 to 
122 kJ.mor1, and contributed this to the progressive formation of elemental 


















Table 2.4 .5 Reported Activation Energies from Leaching Studies on Covellite 
Test Conditions 
Eaa Ea D Range Temp. Ref. (kJ.mor1) (kJ.mor1) (% Cu) (OC) 
• , • CuS (synthetic) 
68 0-10 
• 28 IJm , 1 gIL solids 
77 10 - 20 
• 0.5 M H2S04 , 0.5 M NaCI 77 78 20 - 30 75 - 95 50 
• Pre-oxygenation (2 h) 86 c 30 - 40 
• 600 mL 0 2 1 min 89 c 40 - 50 
• Stirred reactor, 1000 rpm 
• Secondary CuS (from synthetic chalcocite) 
101 0-20 
• 212 IJm, 2.5 gIL solids 
103 20 - 40 
• 0.2 M HCI, 0.5 M Fe(III) (as FeCh) 112 
-
40 - 60 
22.5 - 80 81 
• Fe(III) I Fe(II) = 10 122 60 - 80 
• Stirred reactor, 900 rpm 
• Secondary CuS (from synthetic chalcocite) 
• 49 IJm, 1 gIL solids 67 0-20 
• 0.5 M H2S04 , 0.5 M NaCI 69 
62 20 - 40 
65 - 94 67 
• Pre-oxygenation (2 h) 58 40 - 60 
• 600 mL 0 2 1 min 50
d 60 - 80 
• Stirred reactor, 1000 rpm 
• Secondary CuS (from natural chalcocite) 
• 193 IJm, 10 gIL solids 
50 e 0-20 
• 0.35 M H+, 0.5 M cr 
38 55 e 20 - 40 30 -74 61 
• Pre-oxygenation, oxygen sparging - 40 - 60 
• 86 kPa O2 
• Stirred reactor, 1000 rpm 
e , 
• Secondary CuS (from natural digenite) 85 0-9.1 
80 1 9.1-18.2 • 63 IJm, 1.33 gIL solids 
77 1 18.2 - 27.3 
• 0.6 M HCI, 2.4 M NaCI 84 91 1 27.3 - 36.4 50 - 90 69 
• Pre-oxygenation 85 9 36.4 - 45.5 
• 260 mL 0 2 1 min 79 9 45.5 - 54.6 
• Stirred reactor, 675 rpm 85 9 54.6 - 63.7 
a) Apparent activation energy reported by investigator(s) 
b) Apparent activation energy determined by author of this text 
c) Temperature range: 80°C to 95°C 
d) Temperature range: 75°C to 94°C 
e) Temperature range: 45°C to 74°C 
f) Temperature range: 60°C to 90°C 












Table 2.4.6 : Reported Rates of Dissolution from Leaching Studies on Covellite 
Test Conditions 
Rate of Dissolution (mol Cu cm·l.s· l ) a 
35°C 45°C 50°C 60°C 65°C 70°C 75°C BO°C B5°C 
• Covellite (natural sample) 
• Butte 
• -147+74 IJm - - - - - - - - -• 0.358 M FeCI,. 0.137 M HCI 
• Atmospheric air 
• Stirred vessel 
• Covellite (natural sample) 
• Kennecott N° 2 
• -74 IJm. 20 gIL solids (35°C) 
• -147+74IJm (98°C) 
8.11 x 10.,2 • 0.179 M FeCI,. 0.137 M HCI (35°C) - - - - - - - -
• 0.358 M FeCI,. 0.137 M HCI (98°C) 
• Atmospheric air 
• Roll-bottle tests (35°C) 
• Stirred vessel (98°C) 
• Covellite (synthetic sample) 
• -38+25IJm. 10 gIL solids 4.86 x 10.,2 
• 0.0079 M Cu (as CuSO. ). 0.2 M HCI (0.58 V) 
• AtmospheriC air - - - - - - - -
• Stirred reador. 800 rpm 6.61 x 10.
12 
• Solution potential control (0.58 V) c (0.66 V) 
• Solution potential control (0.66 v) c 
• Covellite (synthetic sample) 
• 28 IJm. 1 gIL solids 
• 0.5 M H2SO •• 0.5 M NaCI - - - - - - - 5.35 X 10.10 8.39 X 10.,0 • Pre-oxygenation (2 h) 
• 600 mL 0 2 1 min 
• Stirred reador. 1000 rpm 
-
a) Rates of dissolution for covellite determined up to 40% copper dissolution 
b) Rate of dissolution for covellite determined up to 46% copper dissolution 




1.65 X 10.9 - (98°C) 49 
3.71 X 10.9 
49 - (980C) b 
- - 19 











54 -. . -.. 
Table 2.4.7 : Reported Rates of Dissolution from Leaching Studies on Secondary Covellite 
Test Conditions 
Rate of Dissolution (mol Cu cm'l.s' l ) a 
Ref. 
35°C 45°C 50°C 60°C 65°C 70°C 75°C 80°C 85°C 90°C 95°C 
• Secondary covellite (natural Cu2S) 
• Kennecott 
• -147+74 11m, 20 giL solids 2.23 x 10.10 - - - - - - - - - - 76 • 0.179 M FeCI" 0.137 M HCI 
• Atmospheric air 
• Roll-bottles 
• Secondary covellite (natural CU2S) 
• 193 11m, 10 giL solids 
• 0.35 M H+, 0.5 M cr 2.56 x 10.9 3.99 X 10.9 1.39 x 10" 61 
• Pre·oxygenation, oxygen sparging 
- - - - (74°C) - - - -
• 86 kPa O2 
• Stirred reactor, 1000 rpm 
• Secondary covellite (synthetic CU2S) 
• 212 11m, 2.5 giL solids 
• 0.2 M HCI, 0.5 M Fe(llI) (as FeCI,) - - 7.08 X 10.9 2.16 X 10" 6.49 X 10" - 1.37 x 10.7 - - - 81 
• Fe(llI) I Fe(lI) = 10 
• Stirred reactor, 900 rpm I 
• Secondary covellite (synthetic CU2S) 
• 49 11m, 1 giL solids 
• 0.5 M H2S04 , 0.5 M NaCI 3.08 x 10.9 5.17 X 10.9 1.20 X 10" 
1.72x10" 
67 
• Pre-oxygenation (2 h) 
- - - - - - . (94°C) 
• 600 mL 0 2 1 min 
• Stirred reactor, 1000 rpm 
• Secondary covellite (natural CU1.8S 
• 63 11m, 1.33 giL solids 
• 0.6 M HCI, 2.4 M NaCI - - - - - 1.57 X 10" - 3.86 X 10" - 5.79 X 10" - 69 • Pre-oxygenation 
• 260 mL O2 I min 
• Stirred reactor, 675 rpm 














2.4.4 Mechanisms of Dissolution 
Since this work entails the anodic dissolution of covel lite in acidic, chloride 
solutions, only mechanisms relevant to covellite and secondary covellite in this 
medium, and in the absence of ferric ions, will be considered. 






The electrons were supplied by the oxidation of blaubleibender covellite as 
shown in Figure 2.4.2. The reaction occurred as a sequence of simple 
electrochemical steps, which involved one-electron transfers. They postulated 
the rate-controlling step to be one of the electron transfer steps in the anodic 















Figure 2.4.2 Electrochemical Model of Second Stage Chalcocite Dissolution in 
the Chloride System by Fisher et al. 61 
In this study, the variables were: acidity, chloride ion concentration, initial particle 
size, oxygen pressure and temperature. Except for temperature, none of these 
variables showed any effect on the rate of dissolution. This was attributed to the 
extraordinary porosity of the blaubleibender covellite formed, which increased the 
surface area to an extent that it lost any relationship to the initial surface area. 
The apparent activation energy, over the temperature range 30°C to 74°C, was 
reported as 38.3 kJ .mor1. 
The value of the apparent activation energy (although slightly low) seems to 
indicate that the process is controlled by a chemical (or electrochemical) reaction 

















The cathodic half-cell reaction (Equation 2.4.24) assumes oxygen to be the 
electron-acceptor, i.e. the primary oxidant in the leaching of covel lite. This is 
thermodynamically feasible (Figure 2.2.2 and Table 2.2.1; 2.2 Thermodynamics), 
but unlikely from a kinetic pOint of view since it is well-known that the 02 / H20 
couple is far less reversible than the Cu(II) / Cu(I) couple. For example, the 
exchange current density (io) for the latter is about six orders of magnitude 
greater on platinum 33. And, more specifically, it has been shown recently that 
the cathodic current density (ic) for the reduction of Cu(lI) is larger than that for 
dissolved oxygen on a synthetic covellite surface in acidic, chloride solutions 18,41. 
The anodic half-cell reaction (Equation 2.4.25) shows sulphate instead of 
elemental sulphur as one of the major reaction products. The unlikelihood of this 
has already been discussed (2.4.1 Chemistry of Reaction and 2.2 
Thermodynamics) 
Finally, the overall reaction (Equation 2.4.11) shows that the oxidation of 
secondary covellite is acid-producing. Studies in acidic, chloride solutions show 
that the process is aCid-consuming and that, if the acidity of the solution is not 
controlled below pH 3 to pH 4 (depending on chloride concentration), copper may 
in fact precipitate out as a Cu(II)-hydroxychloride 42,50,71. 
Therefore, based on the above arguments, the above reaction mechanism 





















Cheng and Lawson 50,67 thought the leaching reaction for covellite to be 
electrochemical in nature and proposed the following anodic and cathodic half-
cell reactions at the mineral surface for both covellite and secondary covellite, in 





These took place at different, mobile sites on the mineral surface as illustrated in 
Figure 2.4.3. 
Bulk (Jlu Ion 









Figure 2.4.3 : A Schematic Illustration of the Electrochemical Leaching Model of 











In general, cuprous ions were oxidized at the mineral surface to cupric ions, with 
CuCI+ as the main chloro-complexed, cupric species, which then diffused into the 
bulk solution through a growing, porous layer of well-defined, elemental sulphur 
crystals, which surrounded a reducing ("shrinking") core of unreacted covellite. 
Electrons passed through electrical-conducting covellite from the anodic to the 
cathodic sites. 
Covel lite 
It was concluded that the rate of dissolution of covellite was controlled by a 
chemical (or electrochemical) reaction at the mineral surface, which was 
supported by an apparent activation energy of 77 kJ.mor1 over the range 75°C to 
95°C. In addition, these workers claimed that a plot of the apparent rate constant 
(k) vs. the reciprocal of the initial particle diameter (dp) gave a straight line, which 
essentially passed through the origin. The latter result also supported their 
conclusion with respect to the rate-controlling step. 
Secondary Covellite 
These investigators were of the opInion that the second stage of leaching 
proceeded in parallel with the first albeit at a much slower rate. The second 
stage only became significant once about 40% of the copper, initially present in 
the chalcocite, had been leached. Secondary covellite reacted and left a 
thickening shell of elemental sulphur surrounding a reducing ("shrinking") core of 
unreacted covellite. They determined an apparent activation energy of 
69 kJ.mor1 over the range 65°C to 94°C, which made them to conclude that the 
process was under chemical or mixed control. In other words, the rate of 
dissolution of secondary covellite was limited by a dominant surface chemical 
(or electrochemical) reaction initially and then by both chemical and diffusion 






















The determined apparent activation energies of 69 kJ.mor1 (secondary covellite) 
and 77 kJ.mor1 (covellite) seem to indicate that the leaching of covellite and 
secondary covellite in acidic, oxygenated chloride solution is indeed controlled by 
a chemical (or electrochemical) reaction, since these values are well above 
40 kJ.mor1 33. 
However, Equation 2.4.26 shows that Cheng and Lawson also assume oxygen to 
be the primary oxidant (electron-acceptor), which is again contested from a 
kinetic viewpoint as discussed earlier. Therefore, their reaction mechanism 
cannot be accepted. 
The scheme of electrochemical reactions, for the leaching of secondary covellite 
in acidic, oxygenated chloride solutions by Vracar et al., is rejected for the same 
reason 70. 
In their investigation of the leaching kinetics of digenite in acidic, oxygenated 
chloride solutions, Ruiz et al. found that the experimental data for the second-
stage of leaching fitted Equation 2.4.28 excellently 69. 
(2.4.28) 
With: 
aev Fraction of secondary covellite leached 
kev Apparent rate constant 
tev Reaction time 
These investigators were of the opInion that this was an indication that the 
leaching of secondary covellite was controlled by the transport of cupric species 
through a porous sulphur layer. In conjunction, an apparent activation energy of 











The above results were considered to be consistent with the dissolution of 





They suggested that the formed cuprous ions were subsequently oxidized to 
cupric ions by dissolved oxygen according to: 
(2.4 .31 ) 
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Figure 2.4.4 : Schematic Diagram of Electrochemical Dissolution of Digenite in 
Oxygenated Chloride Media: (a) First-Stage Galvanic Couple and (b) Second-











The scheme shows the formation of a growing sulphur layer product over the 
surface of a shrinking core of secondary covellite. The oxidant, which is the 
cupric ion, has to diffuse through the sulphur layer towards the surface of the 
unreacted mineral, since elemental sulphur is not capable of electronic 
conduction. Therefore, the anodic and cathodic half-cell reactions occur at the 
GuS I So interface (III), which represents a corrosion couple. 
The diffusion of the oxidant species (cupric ions), through the growing, porous 
layer of sulphur, was considered to be the rate-limiting process. In other words, 
the leaching of secondary covellite was mass transport controlled. 
The problem with their explanation is that the apparent activation energy of 
84 kJ.mor1 is characteristic of a process, which is controlled by a chemical 
(or electrochemical) reaction and not by a mass transport limitation 33. The 
investigators attempt to rationalize this by stating that the high value for the 
activation energy could be due to the fact that the rate of production of cuprous 
ions is slower than the rate of oxidation of cuprous ions. However, this in itself 
implies that the process is controlled by the rate of production of cuprous ions, 
which is in fact the rate of the anodic dissolution reaction (Equation 2.4.30). 
Therefore, the leaching of secondary covellite, at least during the initial stages, is 
not controlled by mass transport, but by a chemical (or electrochemical) reaction. 
2.5 Electrochemistry 
Reference Electrodes 
Oxidation-reduction (redox) potentials may be measured and reported against 
various reference electrodes, e.g. the saturated, potassium sulphate, 
mercury I mercurous sulphate (sat.K2S04, Hg I Hg2S04) electrode, the saturated 
potassium chloride, mercury I mercurous chloride or calomel 











chloride (sat. KCI, Ag / AgCI) electrode and the 3 M potassium chloride, 
silver I silver chloride (3 M KCI, Ag / AgCI) electrode, with the latter being 
commonly used in practise today. These have respective potentials of 244.4 mV, 
651.3 mV, 197.0 mV and 207.0 mV against the standard hydrogen electrode 
(SHE) at 25°C 34. Therefore, when a redox potential is reported against the 
standard hydrogen scale (vs. SHE), it is usually referred to as Eh 10,33,97. 
Redox Potential Measurements in Solution 
A redox potential is established when oxidant and reductant, i.e. two phases, 
exchange electrons with each other, in such a way, that the electrons in both 
phases are in equilibrium. Therefore, in order to obtain a redox potential in 
equilibrium, it is required that no transport of metal ions occurs from metal to 
electrolyte and vice versa 98. In other words, the metal must remain inert under 
the conditions of measurement. 
The oxidation state in solution, pertaining to typical leaching processes of copper 
sulphide minerals, is usually monitored by measurement of the redox potential 
with a platinum electrode against that of a suitable reference electrode. The 
reason for this is that the indicator electrode (platinum) remains inert under the 
reigning, leaching conditions. However, it is also possible to use other materials 
such as vitreous carbon and lead as indicator electrodes 99 provided these 
remain inert under the conditions of measurement. 
Typically in leaching processes, the potential is measured in the bulk solution 
with a stationary, platinum (indicator) electrode. However, it is also possible to 
measure the potential in solution close to a mineral electrode's surface with more 
sophisticated equipment such as a rotating-ring-disk electrode (RRDE) 10,34,97,99. 
Also, it is important to realize that these measurements, i.e. in the bulk and close 











Equilibrium Redox Potential Properties 
Consider the general redox couple: 
Ox + ne- = Red (2.5.1 ) 
The equilibrium potential (E) is expressed by the Nernst equation as follows 
33,39,100. 




E Potential, in V (vs. SHE) 
EO Standard potential, in V (vs. SHE) 
R Universal gas constant, 8.31441 J.mor1.K-1 
T Temperature, in K 
n Number of electrons (e-) 
F Faraday's constant, 96487 C.mor1 e-
[Red] Activity of Red, in molal, or 
Fugacity of Red, in atmosphere 
[Ox] Activity of Ox, in molal, or 
Fugacity of Ox, in atmosphere 
The standard potential (EO) refers to a potential when all gaseous species are at 
a fugacity (thermodynamic pressure) of 1 atmosphere and all dissolved species 
• . at an activity (thermodynamic concentration) of 1 molal , i.e. 1 mole per 1000 g of 
water, at 25°C (298.15 K) 38. For diluted solutions, activity and fugacity are 
approximated by concentration and (partial) pressure, respectively 33,39. 











CuS = CU2+ + So + 2e- (2.5.3) 
Then, the equilibrium electrode potential (E) at 25°C is given by: 
E = 0 633 _ 0.0591 I 1 . 2 og [cu2+] (2.5.4 ) 
With: 
[Cu2+] Concentration of uncomplexed or free cupric ions, in mol.dm-3 
Table 2.5.1 presents the reduction potentials for couples encountered in the 
leaching of some copper sulphide minerals. 
Table 2.5.1 : Some Relevant Reduction Potentials 4S 




CuS + Cu2+ + 2e- = CU2S 0.494 
CuS + Cu(ll) + 2e- = CU2S 1 M cr 0.443 
Cu2+ + So + 2e- = CuS 0.633 
Cu(lI) + So + 2e- = CuS 1 M cr 0.583 
Cu(l) + So + e- = CuS 1 M cr 0.675 
5Cu2+ + Fe2+ + 4So + 12e- = CUSFeS4 0.543 
5Cu(lI) + Fe(lI) + 4So + 12e- = CUSFeS4 1 M cr 0.493 
Cu2+ + Fe2+ + 2So + 4e- = CuFeS2 0.427 
Cu(lI) + Fe(lI) + 2So + 4e- = CuFeS2 1 M cr 0.377 
Cu(l) + Fe(ll) + 2So + 3e- = CuFeS2 1 M cr 0.341 
CuS + Fe2+ + 2So + 2e- = CuFeS2 0.220 
1) EO standard potential, i.e. at standard conditions 
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The total Cu(I), Cu(II), Fe(lI) and Fe(lIl) concentrations were all set at 3 gIL each 
in the case of the above potentials (Table 5.1). It should also be noted that the 
potentials in 1 M chloride ions are formal rather than standard values, because 
the metal ions are not present as aqua-ions at unit activity, but as chloro-
complexes. 
Thus, from a thermodynamic point of view, it can be seen that covellite should be 
oxidized at potentials above 0.633 V (vs. SHE) in a solution containing cupric 
ions at unit activity, at 25°C. However, in a solution of 1 M chloride ions, the 
mineral should be oxidized at potentials above 0.583 V (vs. SHE) at 25°C. 
The formal potential (as presented in Table 5.1) is also sometimes referred to as 
the so-called open-circuit potential (OCP) or rest potential of the mineral. 
Kinetic Potential 
It is important to realize that the thermodynamics do not specify the rate at which 
the oxidation process occurs. In general, kinetic limitations will require a 
significant overpotential as a driving force for the above reaction 33. 
Mixed potential theory was first introduced in 1938 (cited from reference in 10), 
which was later used by others to explain the kinetic and mechanistic features of 
electrochemical reactions pertaining to many hydrometallurgical processes 
31,101,102. More specifically to its application in leaching studies, the reader is 
referred to the pioneer-work of Nicol et al. with regard to an electrochemical 













Although the measured redox potential of a solution is a useful parameter, it does 
not necessarily reflect the actual potential at the surface of a dissolving mineral -
the so-called mixed potential (Em). This potential is established when two or 
more electrochemical reactions (anodic and cathodic) occur at the mineral 
surface, independently of each other 31,33. 
Consider the oxidative dissolution of covellite in an acidic, ferric sulphate 
solution: 
C S 2F 3+ = C 2+ 2F 2+ So u (5 ) + e (aq) U (aq) + e (aq) + (2.5 .5) 
In reality, this process occurs as the following coupled anodic and cathodic 






Figure 2.5.1 depicts schematic current density (i) - potential (E) curves for the 
anodic dissolution of covellite and the cathodic reduction of ferric ions on the 















Figure 2.5.1 Mixed Potential Model (Type I) adapted from Nicol 33,36,103 
With : 
Current density, in A.m-2 
ia Anodic current density, in A.m-2 
ic Cathodic current density, in A.m-2 
E Potential , in V (vs. SHE) 
Eeq.1 Equilibrium potential for the reaction in Equation 2.5.7 (ia = ic = 0), in 
V (vs. SHE) 
Eeq.2 Equilibrium potential for the reaction in Equation 2.5.6 (ia = ic = 0), in 
V (vs. SHE) 
Em Mixed potential (ia = -ic "# 0), in V (vs. SHE) 
11 Overpotential, in V (vs. SHE) 
Ila Anodic overpotential, in V (vs. SHE) 











The moment when covellite is in contact with the solution containing the oxidant 
(ferric ions), both anodic (Equation 2.5.7) and cathodic (Equation 2.5.6) half-cell 
reactions are at equilibrium, i.e. at Eeq.1 and Eeq.2, respectively. However, this is 
not an equilibrium situation, because some areas on the mineral surface are at 
one potential (Eeq .1) and other at a different potential (Eeq.2). Thus, the potential 
difference (Eeq.2 - Eeq .1) provides a driving force towards equilibrium. In order to 
attain a uniform surface potential, electrochemical cells are set up on the covellite 
surface and electrical current is forced to flow. A steady state is achieved when 
the anodic and cathodic currents are balanced, i.e. when L ia = L -ic ¢ O. The 
potential at which this is achieved is known as the mixed potential (Em). The 
difference between the mixed potential and the equilibrium potential of the 
GuS / Gu2+, So couple is the anodic overpotential ('1a). 
'1a = Em - Eeq.1 (2.5.8) 
The anodic overpotential represents the driving force for the leaching reaction 
(Equation 2.5.5) and the corresponding anodic current density (ia) is equivalent to 
the specific rate of leaching of covellite. 
The difference between the mixed potential and the equilibrium potential of the 
Fe3+ / Fe2+ couple is the cathodic overpotential ('1c). 
'1c = Em - Eeq.2 (2.5.9) 
For the case presented in Figure 2.5.1, the anodic current density (ia) and the 
cathodic current density (ic) are equal, but opposite in sign, at the mixed 
potential: 











In the above example, the reverse reaction for Equation 2.5.7 was ignored in the 
region of the mixed potential. Generally, this approximation is true for the 
cathodic behaviour of most copper sulphide minerals, which exhibit highly 
irreversible electrochemical behaviour 31,33,97. However, the electrochemical 
characteristics of the oxidizing reagent (ferrous ion) or reducing reagent 
(ferric ions) are sometimes considerably more reversible on the mineral surface 
and one cannot always make the above assumption, which implies that the 
reverse reaction, i.e. the oxidation of ferrous to ferric ions, can be neglected in 
the region of the mixed potential 33,36,97. However, at high Fe(lIl) : Fe(lI) ratios, 
the anodic oxidation of ferrous to ferric ions can be ignored (Type I) 36,97. 
Figure 2.5.2 shows the case (Type III) for the above system, where the mixed 
potential is fixed by the current-potential characteristics of the Fe(lIl) / Fe(lI) 
couple, because of the negligible contribution of the anodic oxidation reaction 
(Equation 2.5.7) of covellite in establishing the mixed potential. 
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The anodic oxidation of covellite introduces an additional current, which must be 
balanced by an additional cathodic current. Thus, the mixed potential is the 
potential where: 
ia1 + ia2 = -ic (2.5.11 ) 
With: 
ia1 Anodic current density due to the anodic oxidation of CQvellite, which is 
equivalent to the rate of dissolution of covellite, in A.m-2 
ia2 Partial anodic current density for the oxidation of ferrous to ferric ions, in 
A .m-2 
ic Partial cathodic current density for the cathodic reduction of ferric to 
ferrous ions, in A.m-2 
The relationship between current density and potential is expressed by the so-
called Butler-Volmer equation 10,31,33,34,36,97,99,101,102,103,104 and writing each of the 





k An electrochemical rate constant 











Electrochemical Studies on Covellite 
Lazaro-Baez compared the anodic responses from linear sweeps (5 mV.s·1) for 
rotating (200 rpm) bornite (CuSFeS4), chalcopyrite (CuFeS2) and covellite (CuS) 
electrodes in 0.1 M H2S04 + 0.05 M Fe(llI) at 60°C 10. These are essentially plots 
of the anodic current density (ia) against the applied electrode potential (E), 
where the electrodes were swept in the positive direction from the open circuit 
potential (OCP), up to slightly above 0.8 V (vs. SHE). 
She showed that the reactivity for bornite was higher than that for covellite, which 
was much higher than that for chalcopyrite. In addition, it was found that the 
open circuit potential for all three minerals were negative to the anodic process 
on chalcopyrite and followed the order: 
OCP(CuFeS2) > OCP(CuS) > OCP(CUSFeS4) (2.5.15) 
The values were 0.42, 0.4 and 0.27 V (vs. SHE), respectively. 
The open circuit potential for the three minerals in 0.1 M HCI + 0.05 M Fe(lIl) at 
60°C, followed the order: 
OCP(CuS) > OCP(CuFeS2) > OCP(CUSFeS4) (2.5.16) 
The values for these were measured at 0.46, 0.41 and 0.4 V (vs. SHE), 
respectively. 
Bornite showed the same reactivity in both solutions, while the reactivity of 












On the other hand, covellite was found to be much less reactive in this medium, 
with almost half the anodic current density for the sulphate solution. This was 
also reflected by a mixed potential, which was about 90 mV lower in the chloride 
than in the sulphate solution, whereas the mixed potential for bornite was virtually 
the same in both solutions and slightly higher (20 mY) for chalcopyrite in the 
chloride solution. Thus, it was demonstrated that the rate of covellite was 
potential-dependent with an increase in anodic current density with increased 
potential in both media. Furthermore, although this was not pOinted out by the 
investigator, covellite also showed some indication of active-passive behaviour in 
the chloride solution. 
The above findings with respect to reactivity were confirmed by the cathodic 
reduction of ferric ions on these minerals in both solutions. 
Lazaro-Baez's observation, although obtained at higher temperature and by 
different technique, seems to be in agreement with the findings of Sullivan, who 
showed that the rate of dissolution of covellite was slower in acidic, ferric chloride 
than in acidic, ferric sulphate solutions, in his leaching studies conducted at 35°C 
49 
Ghali et al. conducted an electrochemical study to investigate the anodic 
dissolution behaviour of impure commercial and pure synthetic covellite 
electrodes in acidic, chloride solutions ranging from 0.01 M HCI to 1 M HC1 105. 
These investigators found that the rate of dissolution of covellite was potential-
dependent and strongly influenced by the acidity (pH) and chloride ion 
concentration of the solution. In other words, the rate of dissolution increased 
with increased acidity and chloride ion concentration. An increase in the porosity 
of covellite also had a positive effect on the kinetics of dissolution. However, an 
increase in Cu(II) ion concentration seemed to decrease the rate of dissolution, 













Furthermore, the mineral showed typical active-passive behaviour with the 
formation of elemental sulphur. 
Unfortunately, the above workers performed their experiments over a very wide 
applied potential range, which spanned up to about 1.5 V (vs. SCE). At such 
high potentials, oxygen will evolve due to the oxidation of water, which may lead 
to bias towards the measured anodic current density. Also, it is unlikely that 
mineral surface potentials up to such high values can be obtained by redox 
couples such as Cu(II) / Cu(I) and Fe(III) / Fe(II), even at very high temperatures. 
This may make some of their findings less relevant to atmospheric leaching 
processes. 
Jones et al. produced anodic and cathodic polarization curves for a suite of oxide 
and sulphide minerals, including covellite, in both chloride (1 N HCI) and sulphate 
(1 N H2S04) solutions 106. Their results showed that the anodic oxidation of 
covellite was potential-dependent, the rate of dissolution increased with 
increased temperature and the mineral electrode showed active-passive 
behaviour. 
The above investigators also made the interesting conclusion that 
electrochemical polarization measurements may be useful for rapid, screening 
tests prior to more focused leaching tests by conventional methods. 
Very little work has been reported on the electrochemistry of covellite in acidic, 
chloride solutions and, especially so, on the anodic processes involved at 
relatively low potentials, e.g. 0.55 V (vs. SHE) to 0.62 (vs. SHE). This is 
somewhat surprising, since this medium is attractive for leaching and electrolysis 
due to the high solubility of cupric chloride and expected low overpotentials 
associated with chloride ions. Nevertheless, the above workers all seem to be in 
agreement on the potential-dependency of covellite, as well as the mineral's 











(pH), chloride ion and copper ion concentration are important parameters to be 
considered in the leaching of covellite in this medium. 
In general, electrochemical techniques can be very useful in mechanistic or 
screening tests pertaining to the leaching of copper sulphide minerals. However, 
care has to be taken that the applied potential range is relevant to that induced 
during the conventional leaching process. Also, purity of the mineral electrode 
used, is also very important, because impurities oxidizing at applied potentials 
will cause bias towards measured anodic (and cathodic) currents. Furthermore, 
it should also be remembered that these techniques are conducted over 
relatively short periods of time, which may again introduce bias towards the rate 
of leaching in view of passivation of the mineral electrode later on. Therefore, it 



















The mineral electrode was manufactured from a synthetically produced covellite 
sample, which constituted synthesis of cupric ion with gaseous hydrogen 
sulphide or sulphide ion at high temperature according to a published method 65. 
XRD analysis showed that the sample was relatively pure with 98.5% covellite 
and only trace amounts of chalcocite present. 
The synthesis process produced cylindrical samples of 1 mm in diameter, which 
were typically about 10 mm in length. A copper layer was electro-plated on one 
end of the covellite sample to which a thin copper wire was soldered using silver 
epoxy resin . The other end of the copper wire was connected to a stainless steel 
screw, also using silver epoxy resin. The mineral electrode was finally imbedded 
in a cylindrical, resin (Araldite L Y 568) disk (Figure 3.1). 
Resin disk Copper layer 
Covellite electrode (<I> 1 mm) Stainless steel screw 












The calculated surface area of the mineral electrode exposed to the solution was 
0.0079 cm2. 
Counter Electrode 
The counter electrode used, was a thin, platinum (Pt) wire of about 10 mm in 
length, of which the one end was coiled for improved electrical contact. 
Reference Electrode 
The reference electrode was a saturated, potassium sulphate, mercury-
mercurous sulphate (sat. K2S04, Hg I Hg2S04) electrode with a potential of 
0.651 V against the standard hydrogen electrode (SHE) at 25°C 107 All 
potentials in this study have been reported against SHE. 
3.1.2 Apparatus 
A schematic diagram of the apparatus used in this study is presented in 
Figure 3.2. This shows an aluminium holder in which the resin disk, containing 
the mineral electrode, was inserted for support. The holder was open at the 
bottom to allow for electrical contact with the stainless steel screw of the 
stationary, resin disk. 
A polyvinylchloride (PVC) fitting was placed upon the face of the resin disk and 
tightened to an aluminium holder (not shown) with a stainless steel, screw-ring. 
The PVC fitting contained a capillary of 2 mm in diameter and fixed length 
(2 mm, 5 mm or 10 mm), as well as a larger reservoir. Both reservoir and 
capillary were filled with the working solution and a 2 mm (inside diameter) 0-
ring, imbedded in the PVC fitting, ensured that the working solution did not leak 
from the capillary and reservoir. The platinum wire was inserted into the solution-
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Figure 3.2 Experimental Set-Up 
The above three-electrode system was used in conjunction with an EG & G 
Princeton Applied Research Model 173 Potentiostat / Galvanostat and an 
EG & G Princeton Applied Research Model 175 Universal programmer to 
conduct electrochemical measurements. Current and potential readings from the 
potentiostat were captured using a National Instrument data acquisition card, 
which was controlled by Labview™ software. The latter also allowed for the 
recorded data to be exported to a suitable spreadsheet program, e.g. Microsoft's 
Excel®. 
3.1.3 Working Solutions 
The solutions used as electrolytes in this study were all prepared using analytical 
grade (AR) chemicals and Millipore-quality (Milli-Q) water. A list of the chemicals 











Table 3.1 Chemical Reagents 
Chemical Reagent Formula Supplier 
Copper sulphate CuS04·5H20 SOH Chemicals 
Hydrochloric acid (32%) HCI SIGMA Chemicals 
Sodium chloride NaCI MERCK Chemicals 
Sodium sulphate Na2S04 MERCK Chemicals 
Sulphuric acid (98%) H2SO4 AJAX Chemicals 
Water (Milli-Q) H2O Murdoch University 
The solutions were made up in such a way as to ensure initial change of only one 
constituent at a time, e.g. acidity (pH), chloride ion concentration, copper ion 
concentration and sulphate concentration . The various working solutions used 
were the following: 
Hydrochloric Acid Solutions 
• 0.01 M HCI 
• 0.02 M HCI 
• 0.2 M HCI 
• 1 M HCI 
• 2 M HCI 
Hydrochloric Acid / Sodium Chloride Solutions 
• 0.2 M HCI + 0.3 M cr (as NaCl) 
• 0.2 M HCI + 0.8 M cr (as NaCl) 











Hydrochloric Acid I Sodium Sulphate Solutions 
• 0.2 M HCI + 10 giL soi- (as Na2S04) 
• 0.2 M HCI + 50 giL soi- (as Na2S04) 
• 0.2 M HCI + 100 giL soi- (as Na2S04) 
Hydrochloric Acid I Copper Sulphate Solutions 
• 0.2 M HCI + 0.5 giL Cu (as CUS04) 
Sulphuric Acid Solutions 
• 0.01 M H2S04 
• 0.02 M H2S04 
• 0.2 M H2S04 
• 1 M H2S04 
• 2 M H2S04 
Sulphuric Acid I Sodium Chloride Solutions 
• 0.01 M H2S04 + 0.2 M cr (as NaCI) 
• 0.02 M H2S04 + 0.2 M cr (as NaCI) 
• 0.2 M H2S04 + 0.2 M cr (as NaCI) 
• 1 M H2S04 + 0.2 M cr (as NaCI) 
• 2 M H2S04 + 0.2 M cr (as NaCI) 











Sulphuric Acid I Sodium Chloride I Copper Sulphate Solutions 
• 0.2 M H2S04 + 0.2 M cr (as NaCI) + 0.05 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 0.2 M cr (as NaCI) + 0.1 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 0.2 M cr (as NaCI) + 0.5 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 0.2 M cr (as NaCI) + 1 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 2 M cr (as NaCI) + 0.05 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 2 M cr (as NaCI) + 0.1 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 2 M cr (as NaCI) + 0.5 gIL Cu (as CUS04) 
• 0.2 M H2S04 + 2 M cr (as NaCI) + 1 gIL Cu (as CUS04) 
3.2 Methods 
3.2.1 Electrochemical Measurements 
All electrochemical tests were conducted on stationary mineral electrodes using 
the apparatus and set-up already described. Unless otherwise stated, a CD 2 mm 
PVC fitting with a 2 mm capillary length was used in these tests. Also, all tests 
were conducted at atmospheric conditions of 101.325 kPa (abs) and ± 25°C. 
Open Circuit Potential (OCP) 
Potential measurements were collected over time at zero current for the mineral 
electrode and the platinum wire with respect to the sat. K2S04, Hg I Hg2S04, 
reference electrode. 
Cyclic Voltammetry 
In general, this is a very useful technique to investigate the occurrence of 
intermediate species in an electrochemical reaction and can be applied to a 











In the hydrometallurgical field, more specifically in the leaching of mineral 
sulphides, this technique is applied to identify the appropriate potential regime for 
mineral dissolution, as well as the likely anodic and cathodic reactions taking 
place at the mineral surface. The technique involves the application of a linear, 
potential sweep to a mineral electrode by means of a potentiostat. The 
corresponding current measurement is an indication of reaction at the mineral 
surface 75,99,108. 
All voltammograms in this study were generated by sweeping the mineral 
electrode in the anodic (positive) direction from the OCP, at a sweep rate of 
10 mV.s-1 (unless otherwise stated). Before sweeping commenced, the mineral 
electrode was maintained for three minutes at the OCP within the working 
solution. This was to aid in generating reproducible results. 
A typical voltammogram for a stationary, covellite electrode in 0.2 M HCI at 25°C 
is shown in Figure 3.3. An enlargement of only the anodic region of the above is 
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Figure 3.4 Anodic Region for a Covellite Electrode 
Current Transients (Potentiostat Experiments) 
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Current transients are generated when a constant potential is applied to the 
mineral electrode by means of a potentiostat. In other words, when a potential is 
applied to the mineral electrode surface for a given period, current against time 
data are generated, which correspond to the applied potential. 
Anodic current transients were generated by applying a range of anodic (positive) 
potentials with respect to the OCP of the covellite electrode. Again, the mineral 
electrode was maintained at the OCP, within the working solution for three 
minutes, before a potential was applied . These experiments were all conducted 













Typical anodic current density profiles for a stationary, covellite electrode in a 
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Figure 3.5 : Typical Anodic Current Density Profiles for a Covellite Electrode 
3.2.2 Experimental Procedure 
Prior to each experiment, the electrode surface, which exposed the mineral, was 
very gently sanded with P 800 silicon carbide paper for a few seconds. This was 
performed with the aid of a revolving, polishing wheel to which the silicon paper 
was attached. A small stream of tap water was used to wet the silicon paper 
during the sanding process. Thereafter, the mineral was wet-polished in the 
same way using a finer grind (P 2400) silicon paper. This was done to rid the 
mineral electrode surface from any reaction products formed during the previous 
experiment. Care was taken not to skew the electrode's surface during the 











After polishing, the mineral electrode was immersed in Milli-Q water and 
ultrasonically cleaned in a small bath for five minutes. This ensured that the 
electrode surface was clean from any sanding and polishing debris, which might 
affect the readings during experimentation. The electrode was then carefully 
dried with paper towel and fitted in the apparatus described earlier. 
Once the mineral electrode was in place, a syringe fitted with a thin, stainless 
steel needle was used to fill the PVC fitting's capillary and reservoir with working 
solution. Care was taken not to touch the mineral electrode's surface with the 
needle since this would affect the electrode's OCP. In addition, the solution-filled 
capillary and reservoir were inspected for the presence of air bubbles, which 
might also impact negatively on the experimental readings. If bubbles were 
found present, they were removed with the aid of a thin, non-conducting, glass 
needle. 
Next, the platinum wire was positioned down the length of the capillary with the 
front tip as close as possible to the mineral electrode surface, but not touching. 
Thereafter, the reference electrode was positioned in the reservoir. 
Finally, the mineral electrode, platinum wire and reference electrode were all 
electrically connected to the potentiostat and the three-electrode system was 












RESULTS AND DISCUSSION 
4.1 Potential Measurements 
4.1.1 OCP and the Effect of Capillary Length on Solution Potential 
Unlike in the leaching of fine-milled concentrates and ores, where the target 
copper sulphide mineral is usually well-liberated, this is not the case in heap 
leaching of whole ores, where a substantial portion of the target mineral is often 
locked in the gangue matrix. Some of the mineral may also occur in capillaries or 
pores in the gangue material, which the leach lixiviant has to penetrate in order to 
establish solid / liquid contact for leaching. An example of this situation is shown 
in Figure 4.1 . 
Gangue matrix 
Leach lixiviant 
Figure 4.1 Covellite Partially Exposed in a Capillary Filled with Solution 
Therefore, in order to investigate whether the length of such a capillary or pore 
would have any effect on the solution potential close to the covellite surface and 
thereby also on the rate of dissolution of the mineral, experiments were 











Capillary Length of 10 mm 
Figure 4.2 shows the OCP behaviour of a stationary, covellite electrode in an 
aerated, 0.2 M HCI + 0.5 giL Cu (as CUS04) solution at ambient conditions. Also 
shown are the potential of the solution in the capillary (<t> = 2 mm, h = 10 mm) 
close to the mineral surface, as well as the initial potential of the bulk solution in 
the reservoir. 
Ambient - Aerated, 0.2 M HCI & 0.5 gIL Cu (CuSO 4) 
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Figure 4.2 OCP and Solution Potential Transients for Covellite in a Capillary 
(<t> = 2 mm, h = 10 mm) 
Initially, the capillary solution potential is the same as the reservoir solution 
potential of 0.673 V. As time progresses, the former decreases as a result of a 
decreasing Cu(lI) I Cu(l) ratio due to the reduction of cupric to cuprous ions at the 
mineral electrode's surface. In other words, the mineral electrode is being 
oxidized by cupric ions at the solid I liquid interface and the process can be 











CuS + Cu(II) --+ 2Cu(I) + So (4.1) 
It is expected that elemental sulphur instead of bisulphate and I or sulphate will 
be preferentially produced under the reigning test conditions of low potential and 
temperature for reasons already discussed under 2.2 ThermodynamiCS and 
2.4.1 Chemistry of Reaction. 
Furthermore, since the 0.2 M HCI + 0.5 gIL Cu (as CUS04) solution has been 
pre-aerated (and is also open to atmospheric air), dissolved oxygen can oxidize 
cuprous ions back to cupric ions by the following reaction: 
(4.2) 
Equations 4.1 and 4.2 occur Simultaneously, but from the decreasing capillary 
solution potential it can be deduced that the (overall) rate of production of 
cuprous ions is faster than the rate of the back-oxidation reaction (Equation 4.2) 
over the first 13 hours of operation. Thereafter, it can be seen that the capillary 
solution potential reaches a steady value of 0.630 V, which means that both 
these reactions are now occurring at the same rate. 
The mineral electrode potential increases from 0.498 V to reach a value of 
0.625 V after about 47 hours. This value is very similar to that of the capillary 
solution potential (0.630 V), which means that the mineral electrode potential is 
actually determined by the Cu(lI) I Cu(l) couple. 
From the measured capillary solution potentials, cupric and cuprous ion 
concentrations were calculated by means of thermodynamic data obtained from 
the NIST database 40, which in turn was used to determine the equilibrium 











CuS = Cu(l) + SO + e- (4.3) 
CuS = Cu(lI) + So + 2e- (4.4) 
The results are presented in Table 4.1. 
Table 4.1 : Equilibrium Potentials for Covellite (10 mm Capillary) 
Time Eh, capil lary [Cu(II)] [Cu(l)] [Cu




(V) (M) (M) (M) (M) (V) (V) 
0.673 7.87 x 10.3 3.94 X 10'7 6.18 X 10'3 1.41 X 10'11 0.465 0.566 
0.630 7.87 x 10'3 2.05 X 10-6 6.18 X 10'3 7.34 X 10'11 0.507 0.566 
1) [Cu(II)] total cupric ion concentration 
2) [Cu~I)] total cuprous ion concentration 
3) [Cu +] free or uncomplexed cupric ion concentration 
4) [Cu+] free or uncomplexed cuprous ion concentration 
As the capillary solution potential (determined by the Cu(lI) I Cu(l) couple) is 
greater than the equilibrium potential for the covellite electrode, the latter can be 
oxidized by cupric ions in solution. Both reactions (Equations 4.3 and 4.4) are 
feasible, but the one-electron process is thermodynamically more favourable, 
because of the greater difference between the capillary solution potential and the 
covellite equilibrium potential for this reaction (Equation 4.3). 
Therefore, the decreasing capillary solution potential is a result of a net increase 
in cuprous ion concentration with time and, very likely, due to: 1) anodic 
dissolution of the covellite electrode according to Equation 4.3, and 2) reduction 
of cupric ions at the surface of the covellite electrode according to Equation 4.5. 












The above two half-cell reactions present the respective oxidation and reduction 
components of the electrochemical reaction already presented in Equation 4.1. 
And, in conjunction with Equation 4.2, the overall reaction is given by: 
(4.6) 
It should be mentioned that although all measurements were conducted under 
open circuit, it has been shown that those for the covellite electrode were in fact 
obtained under conditions where the mineral is being oxidized. Therefore, these 
will be referred to as mixed potentials (Em). 
Thus, a Type III situation exists, where Em is fixed by the Cu(lI} I Cu(l} couple 
under these conditions since the contribution of the anodic current from the 
oxidation of the mineral is negligible compared to that of the Cu(lI} I Cu(l} couple 
at Em (see 2.5 Electrochemistry). 
Capillary Length of 2 mm 
Figure 4.3 shows the results for an experiment conducted under the same 
conditions as above, i.e. an aerated, 0.2 M HCI + 0.5 gIL Cu (as CUS04) solution 
at ambient conditions, except for the use of a fitting with a shorter capillary length 
(<1> = 2 mm, h = 2 mm). 
At the start of the experiment, the capillary and reservoir solution potentials are at 
0.674 V, with the covellite electrode at 0.506 V. Again, the capillary solution 
potential decreases, while the covellite electrode potential increases with time. 
The former reaches a value of 0.653 V and the latter a value of 0.616 V after 
47 hours. The initial and final values for cupric and cuprous ion concentrations in 
the solution close to the mineral surface, as well as the covellite equilibrium 
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Figure 4.3 OCP and Solution Potential Transients for Covellite in a Capillary 
(CD = 2 mm, h = 2 mm) 
Table 4.2 : Equilibrium Potentials for Covellite (2 mm Capillary) 
Time Eh, capillary [Cu(II)] [Cu(I)] [CU
2+] [CU+] E (CU+ / CuS) E (CU2+ / CuS) 
(h) (V) (M) (M) (M) (M) (V) (V) 
0 0.674 7.87 X 10.3 3.78 X 10.7 6.18 X 10.3 1.35 X 10.11 0.464 0.566 
47 0.653 7.87 X 10.3 8.35 X 10"7 6.18 X 10"3 2.99 X 10"11 0.484 0.566 
1) [Cu(II)] total cupric ion concentration 
2) [Cu~I)] total cuprous ion concentration 
3) [Cu +] free or uncomplexed cupric ion concentration 












From these results it can be seen that the same conclusions can be derived as 
for the previous case. I.e. the decreasing capillary solution potential is a result of 
the oxidation of covellite by cupric ions (according to Equation 4.3) and Em is 
fixed by the Cu(ll) / Cu(l) couple under these conditions (Type III). 
An interesting difference is the behaviour of the capillary solution potential for the 
different capillary lengths. A comparison between the 2 mm and 10 mm lengths 
is presented in Figure 4.4. 
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Figure 4.4 A Comparison of the Solution Potential Transients for Different 
Capillary Lengths 
The capillary solution potential decreases not only with time, but also with 
increased capillary length. In other words, the potential difference between the 
bulk solution (in the reservoir) and the solution close to the mineral's surface 











and 44 mV for the 2 mm and 10 mm capillaries respectively, after about 13 hours 
of operation. 
From the data in Tables 4.1 and 4.2 it can be seen that the cupric ion 
concentration at the mineral's surface is the same for both capillary lengths. 
However, the cuprous ion concentration for the 10 mm capillary is almost 
2.5 times larger than that for the 2 mm capillary (47 hours). Thus, the lower 
cupric-to-cuprous ion ratio results in a lower solution potential in the case of the 
10 mm capillary. 
Figure 4.5 shows modelled results simulating the effect of capillary length on the 
solution potential close to the mineral's surface for a given rate of covellite 
dissolution and the reaction stoichiometry of Equation 4.1. 
Assuming a constant rate of covellite dissolution of 10-14 mol Cu cm-2.s-1 and a 
copper ion diffusivity of 10-5 cm2.s-1, capillary solution potentials of 0.655 V, 
0.640 V and 0.626 V (closed legends) are predicted for 2 mm, 5 mm and 10 mm 
capillary lengths respectively, at a reservoir solution potential of 0.674 V. 
It is interesting to note that the predicted values for the 2 mm and 10 mm 
capillaries are in very good agreement with the experimentally measured values 
of 0.653 V (2 mm) and 0.630 V (10 mm) at the selected rate of covellite 
dissolution of 10-14 mol Cu cm-2.s-1. 
A faster rate of covellite dissolution of 10-13 mol Cu cm-2.s-1 (same diffusivity) 
yields even lower capillary solution potentials (open legends), e.g. 0.611 V 
(2 mm), 0.589 V (5 mm) and 0.571 V (10 mm) for a corresponding reservoir 
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Figure 4.5 The Effect of Capillary Length and Rate of Mineral Dissolution on 
the Capillary Solution Potential 
In general these results show that the solution potential close to the covellite 
surface decreases with increased capillary length and also with increased rate of 
mineral dissolution. Consequently, if the rate of dissolution of covellite is indeed 
potential-dependent, then capillary length may also affect this rate. 
4.2 Cyclic Voltammetry Measurements 
Cyclic voltammetry tests were conducted to investigate whether the rate of 
dissolution of the mineral electrode is dependent on potential , specifically so 
within the potential range of interest (0.55 V to 0.62 V). Furthermore, this 
technique was also used to investigate the effect of selected parameters on the 











It should be emphasized that although some of the presented data of this section 
exceed an applied potential of about 0.62 V, this study will only focus on an 
anodic potential range from the OCP of the mineral electrode to about 0.62 V, 
which is deemed relevant for the oxidation of covellite facilitated by the 
Cu(lI) / Cu(l) couple in chloride solutions for reasons discussed earlier 
(see Chapter 1). 
Figure 4.6 shows a typical voltammogram for a stationary, Cl> 1 mm covellite 
electrode. This was generated in 0.2 M HCI at 25°C by sweeping the electrode 
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Figure 4.6 A Typical Voltammogram for a Stationarv Covellite Electrode 
The graph depicts current density (y-axis) as the anodic response to a potential 
(x-axis), which is applied to the mineral electrode by means of a potentiostat. 
The potential is increased in a linear fashion with time and the corresponding 













reaction products. In other words, the measured current is the total anodic 
current, i.e. the sum of all partial anodic currents. These include: 
• The current contribution associated with the anodic oxidation of the mineral 
electrode, and 
• The current contribution(s) associated with the anodic oxidation of any 
reaction product(s). 
As the potential increases from the OCP value of 0.461 V, the anodic current 
density increases as well and reaches 6.4 A.m-2 (Peak 1) at a potential of 
0.625 V. The cumulative charge up to this potential is 47.1 C.m-2, which is 
equivalent to 3.84 x 10-10 mol e- for a cP 1 mm mineral electrode. This equates to 
3.84 x 10-10 mol Cu (assuming a one-electron process as in Equation 4.3). 
Therefore, the copper concentration in a 5 cm3 solution (capillary and reservoir) 
is 7.67 x 10-8 M. Using the same potential of 0.625 V for the solution close to the 
mineral electrode's surface (capillary solution potential), respective Cu(lI) and 
Cu(l) ion concentrations of 7.67 x 10-8 M and 2.42 x 10-11 M are calculated for a 
0.2 M HCI solution. It can be seen from the latter value that the concentration of 
Cu(l) ions at the mineral electrode's surface is very small. For a two-electron 
process (as in Equation 4.4), the concentrations of Cu(ll) and Cu(l) ions are 
3.83 x 10-8 M and 1.24 x 10-11 M, respectively. So, if all the Cu(l) ions were to be 
oxidized, then the respective charges involved would constitute only 0.02% 
(two electron process) and 0.03% (one-electron process) of the total anodic 
charge. 
Therefore, since the contribution of reaction products such as Cu(l) ions to the 
measured current density is negligible, it is clear that the rate of dissolution of 
covellite, as indicated by the anodic current density, increases with increased 
potential over this range. Thus, for the reaction conditions of Figure 4.6, it can be 
concluded that the rate of dissolution of covellite is indeed potential-dependent 











From Peak 1, the current density decreases slightly up to a potential of 0.674 V 
(Plateau 1), before it increases again to reach a second peak of 8.1 A.m-2 
(Peak 2) at 0.744 V. On further increase of the potential, the current density 
decreases again and forms a second plateau (Plateau 2) from about 0.85 V. 
Also, from Figure 4.6 it is to be expected that the rate of dissolution of covellite 
will not be much affected over the range 0.6 V to 0.7 V since the anodic current 
density does not change significantly over this potential range for the reigning 
test conditions. It is also clear that the mineral electrode not only shows active-
passive behaviour over the potential range of interest (0.55 V to 0.62 V), but also 
at higher potentials in a 0.2 M HCI solution. 
Equilibrium potentials for a CuS / Cu(l) / Cu(lI) system at 25°C were generated 
for different chloride and total copper concentrations with the aid of 
thermodynamic data from the NIST database 40. Figure 4.7 displays a summary 
of some of the data, which can be found in more detail in Appendix I. 
This was done in order to investigate which anodic processes may be involved 
over the potential range from the OCP (0.461 V) to 0.625 V. In other words, the 
possibility of the reactions described in Equations 4.3 and 4.4 occurring under 
the conditions of Figure 4.6, was evaluated from a thermodynamic point of view. 
For this purpose, it was assumed that the solution potential close to the mineral 
electrode's surface (capillary solution potential) is the same as that induced by 
the potentiostat. Furthermore, although no copper has been introduced to the 
0.2 M HCI solution initially, copper ions will come into play due to the anodic 
oxidation of the mineral electrode, albeit at very small concentrations. These 
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It should be highlighted that such a system, i.e. the dissolving mineral electrode, 
is in fact not an equilibrium system. The above approach was merely followed to 
estimate the copper concentration at a specific potential, which would then be 
used as a typical copper concentration for a solution that is in equilibrium with the 
mineral electrode. 
Figures 4.7(a) to 4.7(f) show the results at selected potentials over the range of 
interest. These are: 0.476 V, 0.496 V, 0.554 V, 0.575 V, 0.605 V and 0.625 V. 
The graphs present the equilibrium potentials for two mineral oxidation reactions 
(blue and red curves), as well as the "thermodynamic requirement" 
(horizontal, black line) against chloride concentration. The chloride concentration 
of interest is indicated by the vertical (black, broken) line on each graph. 
At infinitesimal, small copper concentrations, both the anodic oxidation processes 
of Equations 4.3 and 4.4 are possible since their equilibrium potentials at 
0.2 M cr are smaller than the "thermodynamic requirement". However, 
Equation 4.3 is more favourable than Equation 4.4, because the (solid) blue 
curve lies below the (solid) red curve over the whole potential range. 
On the other hand, at a higher copper concentration of 0.05 gIL (and 0.2 M CI"), 
both these reactions are not feasible up to a potential of 0.496 V, because of the 
fact that the (broken) blue and red curves exceed the "thermodynamic 
requirement". Only when the capillary potential is 0.554 V and above, do both 
these reactions become possible again, with the one-electron process 
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The effect of chloride concentration is also evident. I.e. an increase in the 
concentration of chloride ions has a positive effect on the thermodynamic 
favourability of both one- and two-electron processes (and vice versa), but the 
effect is much more pronounced in the case of the former reaction. This is not 
unexpected since it is well-known that cuprous ions form stronger chloride-
complexes than cupric ions 33,35,38,40,44. For example, consider Figure 4.7(b) at 
0.2 M cr: both anodic processes are not possible since the "thermodynamic 
requirement" is not met; however, as the chloride concentration increases 
towards 20 giL, the one-electron-process becomes feasible again. Furthermore, 
it is also clear that the two-electron process is more favourable at very low 
chloride concentrations, e.g. see Figure 4.7(c). 
Thus, it has been shown that both the following two reactions, which involve the 
anodic dissolution of covellite, can occur up to 0.625 V for the test conditions of 
Figure 4.6: 
CuS = Cu(l) + So + e- (4.3) 
CuS = Cu(lI) + So + 2e- (4.4) 
Furthermore, that at these conditions, the one-electron process is 
thermodynamically more favourable than the two-electron process. 
4.2.1 The Effect of Sweep Rate 
Important information can be obtained about the nature of the reactions 
responsible for particular anodic and cathodic responses by variation of the scan 
or so-called sweep rate 10,108,109. For this purpose, three experiments were 
conducted in a 1 M HCI solution at sweep rates of 5 mV.s-1, 10 mV.s-1 and 
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Figure 4.8 The Effect of Sweep Rate on the Anodic Current Density 
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It is apparent that the anodic current density increases with increased sweep rate 
and that the potential associated with the peak current density, i.e. the peak 
potential , shifts to slightly more positive va lues. The peak current density (ip) and 
peak potential (Ep) values for corresponding sweep rates (v) are summarized in 
Table 4.3. 
Table 4.3 Anodic Peak Current Densities and Peak Potentials 
First Anodic Peak Second Anodic Peak 
v v1U. ip1 EP1 V v
1U. ip2 EP2 
(mV.s-1) (mV.s-1) 1/2 (A.m-2) (V) (mV.s-1) (mV.s-1)1/2 (A.m-2) (V) 
5 2.24 3.81 0.604 5 2.24 4.74 0.689 
10 3.16 10.6 0.633 10 3.16 13.7 0.714 











Graphical plots of the anodic peak current density against sweep rate for 
Table 4.3's data are depicted in Figure 4.9, for both peaks. 
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Figure 4.9 The Relationship between Anodic Peak Current Density and 
Sweep Rate 
Based on extensive analysis, Nicholson and Shain teach us that the peak current 
density is proportional to the square root of the sweep rate for a simple, 
reversible charge transfer reaction under diffusion control, but that the peak 
potential is independent of sweep rate (cited from reference in 108). 
Figure 4.9 shows linear relationships, which indicate that the reigning reactions 
responsible for these two peaks are not mass transport controlled 108. In addition, 
the fact that the peak potentials (for both the first and the second anodic peaks) 
also shift to slightly more positive values indicates that these processes are 
irreversible 108. This is further substantiated by the absence of corresponding 











of the sweep (see Appendix II). This is not unexpected since mineral sulphides 
(and oxides) invariably exhibit highly, irreversible electrochemical behaviour 33. 
4.2.2 The Effect of the Source of Acidity 
Since sulphuric acid would be preferred to hydrochloric acid in a potential 
industrial application for, amongst others, economic reasons, a comparative test 
to 0.2 M HCI was conducted at 0.2 M H2S04 + 0.2 M cr (as NaCI). The results 
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Figure 4.10 The Effect of the Source of Acidity on the Anodic Current Density 
The anodic responses of the mineral electrode for the 0.2 M HCI and 
0.2 M H2S04 + 0.2 M cr (as NaCl) solutions are very similar with the current 












4.2.3 The Effect of Acidity 
Experiments were conducted to investigate the effect of acidity on the anodic 
response of the mineral electrode. For this purpose, the chloride concentration 
was maintained constant at 0.2 M cr (as NaCI) and the acidity increased from 
0.01 M H2S04 to 2 M H2S04. The results are shown in Figure 4.11. 
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Figure 4.11 : The Effect of Acidity on the Anodic Current Density 
Increasing the acidity seems to shift the OCP and both anodic peaks to lower 
potential values. For example, the OCP shifts from 0.476 V (0.01 M H2S04) to 
0.427 V (2 M H2S04), the first anodic peak between 0.6 V and 0.7 V 
(0.01 M H2S04) shifts to about 0.6 V (2 M H2S04) and the second anodic peak 
between 0.7 V and 0.8 V (0.01 M H2S04) shifts to about 0.7 V (2 M H2S04). In 
addition, the current density also increases with increased acidity, especially so 











Ghali et al. also observed an increase in anodic current density with increased 
acidity (0.01 M H+ to 0.1 M H+), at more or less constant chloride concentration 
(1.01 M cr to 1.1 M Cr), in their investigation of a stationary (synthetic) covellite 
electrode in acidic, chloride solutions under argon 105. 
On the other hand, Lee et al. found that an increase in acidity over the range 
0.01 M H2S04 to 2.0 M H2S04 in a 0.2 M cr (as NaCI) solution had no significant 
effect on the anodic current density 110. Their investigation was conducted using 
a rotating (500 rpm) covellite electrode in an electrolyte solution, which was 
sparged with nitrogen. In addition, the mineral electrode was first swept 
cathodically from the OCP (0.45 V) to about 0.3 V, before it was swept in the 
positive direction to about 0.8 V. 
4.2.4 The Effect of Sulphate Concentration 
Since the acidity was changed by varying the sulphuric acid concentration in the 
previous tests, the bisulphate and I or sulphate concentration also changed. 
Therefore, a series of tests were conducted in order to investigate whether this 
would have had any bearing on the anodic response of the mineral electrode. 
This was achieved in a 0.2 M HCI solution with the addition of various amounts of 
Na2S04. The results are depicted in Figure 4.12. 
The anodic current density does not seem to be much affected by a change in 
the Na2S04 concentration. Therefore, it can be concluded that neither Na+ ions 
nor HS04- and I or SO/- ions have a significant impact on the anodic current 
density. This is in agreement with the work of Lee et al., who also found that the 
addition of Na2S04 to a 0.2 M HCI solution showed little difference from the 
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Figure 4.12 : The Effect of Sulphate Concentration on the Anodic Current 
Density 
4.2.5 The Effect of Chloride Concentration 
106 
Figure 4.13 shows the effect of increased chloride concentration achieved by the 
addition of NaCI to a constant acidity of 0.2 M H2S04 . In addition, a test at 
0.2 M H2S04 (in the absence of chloride ions) was also conducted for 
comparison purposes. 
It can be seen that the presence of chloride ions has a marked effect on the 
anodic current density, which increases with increased chloride concentration up 
to 1 M. Above this level no further increase in current density is achieved. This 
finding is within reasonable agreement with the results of Lee et a/., who found 
that the anodic current density increased up to 0.8 M cr (as NaCI) in a 
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Figure 4.13 The Effect of Chloride Concentration on the Anodic Current 
Density 
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These results are also consistent with the leaching tests of other investigators in 
acidic, oxygenated chloride solutions (in the absence of ferric ions), which 
showed that the rate of dissolution of covellite (and secondary covellite) 
increased with increased chloride concentration, but only up to a specific value 
50.61.67.68.70.71. For example, in the case of covellite, Cheng and Lawson found this 
value to be 0.5 M cr (as NaCI) in their leaching study where the chloride 
concentration was increased from 0.01 M to 2 M at 0.5 M H2S04 and 90°C 50. 
The chloride solutions all show two distinct anodic peaks with the first one in the 
vicinity of 0.6 V and the second one between 0.7 V and 0.8 V. In between these 
two peaks the current forms a plateau, which is indicative of the mineral 
electrode's passive behaviour over this range. Another plateau is also evident at 











Unlike in the case of the chloride solutions, only one anodic peak is observed for 
the 0.2 M H2S04 solution . The mineral electrode also shows passive behaviour 
in this medium, which spans a wider range of 0.63 V to 0.8 V than in the chloride 
solutions. Above potentials of about 0.8 V, the current increases with increased 
potential again. 
4.2.6 The Combined Effect of Acidity and Chloride Concentration 
Five tests were conducted in the following hydrochloric acid solutions: 
0.01 M HCI, 0.02 M HCI, 0.2 M HCI, 1 M HCI and 2 M HCI in order to investigate 
the combined effect of acidity and chloride concentration on the anodic response 
of the mineral electrode. The results are portrayed in Figure 4.14. 
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Figure 4.14 The Combined Effect of Acidity and Chloride Concentration on the 











It can be seen that the anodic current density not only increases with applied 
potential, but also with increased hydrochloric acid concentration over a range 
spanning the OCP and the peak potential corresponding to the first anodic peak 
(Ep1 ). These observations have also been noted by other investigators 105,110. 
Likewise, the current associated with the plateau (between the two peaks) and 
the second anodic peak, also increases dramatically for concentrations above 
0.2 M HCI. 
At potentials above the second peak potential (Ep2), the anodic current density 
decreases sharply and eventually forms a second plateau. The current 
associated with this plateau also increases with increased hydrochloric acid 
concentration. 
Furthermore, the OCP and the first anodic peak seem to shift to slightly lower 
potentials with increased hydrochloric acid concentration; however, in the case of 
the second anodic peak, the shift to lower potential values is much more 
pronounced. As a result of this, the "distance" between the two peak potentials 
(Ep1 and E p2) decreases from about 0.2 V (0.01 M HCI) to about 0.1 V (2 M HCI) 
and it seems that the two anodic peaks may eventually merge into one peak 
(somewhere between 0.6 V and 0.7 V) on further increase of hydrochloric acid 
concentration. 
Table 4.4 shows data (abstracted from Figure 4.15), which have been used to 
quantify the effect of hydrochloric acid concentration on the anodic current 
density within the potential range of interest (0.55 V to 0.62 V). 
For this purpose, anodic current densities corresponding to a potential of 0.625 V 
(i.e. slightly lower than the peak potential, Ep1) were selected since the anodic 













Table 4.4 : Anodic Current Densities at Different HCI Concentrations 
[HCI] EP1 ip1 E 
. 1 
la 
(M) (V) (A.m-2) (V) (A.m-2) 
In[HCI] 
0.01 0.671 4.35 0.625 3.50 -4.61 
0.02 0.625 3.49 -3.91 
0.2 0.625 6.37 0.625 6.37 -1 .61 
1 0.633 10.6 0.625 10.6 0 
2 0.625 15.9 0.69 
1) Anodic current density associated with a potential of 0.625 V 
A graphical plot of In(ia) against In[HCI] is presented in Figure 4.15. 
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Figure 4.15 The Relationship between Anodic Peak Current Density and 














Linearization of the data shows that the order of the reaction with respect to [HCI] 
is about 0.3, which indicates that the reaction reigning at the first anodic peak at 
least falls in the realm of electrochemical processes. 
4.2.7 The Effect of Copper Concentration 
The effect of initial copper concentration on the anodic current density was tested 
over the range 0.05 giL to 1 giL for two acidic, chloride solutions. Figures 4.16 
and 4.17 show the respective results for a 0.2 M H2S04 + 0.2 M cr (as NaCI) 
and a 0.2 M H2S04 + 2 M cr (as NaCI) solution. Also included in these figures 
are the corresponding results in the absence of additional copper (as CUS04), 
which are denoted by 0 giL Cu. 
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Figure 4.16 The Effect of Copper Concentration on the Anodic Current Density 












It can be seen that the OCP shifts to slightly more positive values 
(from 0.461 V to 0.501 V) in the presence of copper ions and that the anodic 
current forms sharper intersections with the potential-axis over the range 
0.05 giL Cu to 1 giL Cu. This phenomenon is characteristic of the mixed 
potential being established by the highly reversible Cu(ll) I Cu(l) couple 33,41 . 
Furthermore, copper ions initially present also seem to result in somewhat higher 
anodic current densities as indicated by the measured peaks and steeper slopes, 
(for example over the potential range 0.5 V to 0.550 V), which indicates a positive 
effect on the rate of oxidation of the mineral electrode. 
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Figure 4.17 The Effect of Copper Concentration on the Anodic Current Density 












At high chloride concentration, the addition of copper (as CUS04) to the solution 
has a striking effect on the anodic response of the mineral electrode. Although 
the general shape of the voltammograms remains more or less the same as in 
the case of 0 gIL Cu, the current density is markedly smaller for copper 
concentrations ranging from 0.05 gIL to 1 gIL. 
Both anodic peaks are still apparent and occur more or less at the same peak 
potentials as for 0 gIL Cu. However, the OCP shows a marked shift to more 
positive potentials (from 0.427 V to 0.568 V) as the copper concentration 
increases from 0.05 gIL to 1 gIL. Furthermore, it can also be seen that the slope 
of the current-potential curve increases with increased copper concentration 
(0.05 gIL to 1 gIL) over the range 0.5 V to 0.6 V. 
Again, the anodic current intersects the potential-axis sharply, which is indicative 
of the mixed potential being established by a reversible redox couple such as the 
Cu(lI) I Cu(l) couple. 
Other notable differences for measureable concentrations of copper ions present 
initially, albeit outside the potential range of interest (Le. above 0.62 V), include 
the following: 
• The anodic current density decreases only slightly after the second peak, 
whereas in the absence of initial copper ions, the current decreases 
dramatically; 
• The second plateau is much less pronounced than in the absence of initial 
copper ions, and 
• The anodic current density increases again above potentials of about 0.8 V 
(Le. after the second plateau), whereas the current in the absence of initial 












Low versus High Chloride Concentration 
The effect of chloride concentration, in the presence of initial copper ions, is 
highlighted in Figure 4.18. This shows a comparison of the anodic current 
behaviour at low (0.2 M Cr) and high chloride concentration (2 M Cr) for a 
0.2 M H2S04 solution containing 1 giL Cu (as CUS04). 
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Figure 4.18 : A Comparison of the Anodic Current Density for Low and High 
Chloride Concentration in the Presence of Initial Copper Ions 
A look at the potential range from the OCP to 0.625 V reveals some interesting 
findings. Firstly, it can be seen that the OCP of 0.5 V for the 0.2 M cr solution is 
smaller than the value of 0.568 V at 2 M cr. This implies that anodic oxidation of 
the mineral electrode will commence at lower potentials within low-chloride than 











In addition, at potentials where the mineral electrode can be oxidized in both low-
and high chloride concentration solutions, the rate of oxidation will be faster in 
the low-chloride concentration solution if it is assumed that the contribution of 
other oxidation processes such as the oxidation of Cu(l) to Cu(lI) ions is 
negligible. For example, when a potential of 0.6 V is applied to the mineral 
electrode's surface, the corresponding anodic current is 7 A.m-2 for 0.2 M cr, but 
only 4 A.m-2 for 2 M cr. 
Secondly, the slope of the red line (2 M cn is about twice that of the blue line 
(0.2 M cn, which means that the potential-dependency of the rate of oxidation is 
more pronounced at high chloride concentration. 
However, when a marginally larger potential of 0.625 V is applied, the anodic 
current density is the same for both chloride concentrations and slightly above 
8 A.m-2 . Thus, above this potential, the mineral electrode will experience the 
same rate of oxidation in both 0.2 M cr and 2 M cr solutions. In other words, 
the rate of oxidation is independent of applied potential up to about 0.75 V, when 
copper ions are initially present. 
These observations (not shown here) are also made with respect to the other 
copper concentrations, which include: infinite small (0 gIL), 0.05 gIL, 0.1 gIL and 
0.5 gIL. For the sake of brevity, only the effect of initial copper concentration on 
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Figure 4.19 The Effect of Initial Copper Concentration on the OCP at Low and 











4.3 Current Transient Measurements 
In order to establish the validity of an electrochemical mechanism for the 
leaching of covellite in acidic, chloride solutions, it has to be shown that the rate 
of chemical leaching is the same as the rate of anodic dissolution of the mineral, 
in the absence of a chemical oxidant, at similar overpotentials 103. 
For this purpose, potentiostatic experiments were conducted at selected 
potentials over the range of interest (0.55 V to 0.62 V). In these experiments a 
constant potential was applied to the mineral electrode's surface for 1 hour and 
the anodic current density was measured over time from which a rate of anodic 
dissolution of the mineral electrode was calculated . The electrochemical rates of 
dissolution from these tests were then compared with the chemical leaching 
kinetics obtained from published data. 
4.3.1 The Effect of Potential on the Anodic Current Density 
Figure 4.20 presents current transients for a stationary, <l> 1 mm covellite 
electrode in 0.2 M HCI at 25°C by applying a range of constant potentials to the 
mineral electrode's surface. These include: 0.540 V, 0.560 V, 0.580 V, 0.600 V, 
0.620 V and 0.650 V. 
It can be seen that when a potential is applied to the mineral electrode's surface, 
the anodic current increases quickly to a form a peak after 1 second. Thereafter, 
the current decreases rapidly over time and already reaches a very low value 
relative to that of the peak current after only 1 minute. For example, these 
constitute: 24% (0.540 V), 21 % (0.560 V), 7% (0.580 V), 7% (0.600 V), 
4% (0.620 V) and 4% (0.650 V) of the peak current. Surprisingly, these 
observations are very similar to those made by Lazaro-Baez in potentiostatic 
experiments on a pure chalcopyrite electrode in both acidic, sulphate (H2S04) 
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Figure 4.20 : Current Transients for Covellite in 0.2 M HCI at 25°C 
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Since negligible changes in the measured current density were observed after 
about 1 hour of operation, the 1-hour value was used to calculate a rate of anodic 
dissolution of the mineral electrode by assuming a two-electron process 
(Equation 4.4). 
The measured anodic current densities and calculated rates of dissolution are 
listed in Table 4.5. These show a potential-dependency by increasing over the 
range 0.540 V to 0.650 V, Also included in this table are rates of chemical 
leaching of covellite obtained from the literature, Unfortunately, most of these 
studies were conducted at temperatures well above 25°C, which did not allow for 
a direct comparison to be made. Therefore, the measured rates of anodic 
dissolution (obtained in this study) were adjusted to the same temperature by 
application of the well-known Arrhenius equation 33,39,100 and using a reported 











Table 4.5 Anodic Current Densities and Rates of Dissolution 
Em ia 
Rate of Dissolution (mol Cu cm~.s':-1) 
(A.m-2) 
This Study This Study Literature 
(V) 
(25°C) (roC) (TOC) 
0.540 1.04 x 1O-~ 5.38 X 10-1~ - -
0.560 1.35 x 10-~ 7.00 X 1O-1~ - -
1.38 X 10-3 7.13xlO-13 
1.95 x 100rr 4.86 X 10-1< 
0.580 
(350C) [19] (35°C) 
2.10x10-1U 5.35 x 10-IU 
(80°C) (800C) [50] 
3.02 x 10-10 8.39 X 10-10 
0.600 3.21 x 10-3 1.66 X 10-12 
(85°C) (850C) [50] 
4.32 x 10-10 1.13 X 10-9 
(90°C) (900C) [50] 
6.1 0 x 10-10 1.48 X 10-9 
(95°C) (950C) [50] 
0.620 3.27 x 10-~ 1.69 X 10-1L - -
6.61 X 1O-1L 
0.636 - - - (350C) [191 
1.15 x 10=1> B: 1.65 x 10-~ 
(98°C) (980C) 149] 
4.91 x 10-3 2.55 X 10-12 
6.98 X 10-12 K: 8.11 x 10-12 
0.650 
(350C) [49] (35°C) 
1.15 x 10-9 K: 3.71 x 10-9 
(98°C) (980C) 149] 
1.79 x 1O-1l B: 1.65 x 10-" 
(98°C) (980C) [49] 
7.67 x 10-3 3.97 X 10-12 
1.09 X 10-11 K: 8.11 x 10-12 
0.700 (350C) 149] (35°C) 
1.79 x 10-9 K: 3.71 x 10-9 
(98°C) (980C) [49] 
1) Detailed experimental conditions can be found in 2.4 .3 Kinetics of Dissolution , Table 2.4 .6, 
p. 53; B = Butte sample, K = Kennecott W 2 sample. 
2) The mixed potentials for [49,50] were estimated from solution conditions with a minimum 











Velasquez conducted a leaching test on fine-milled, synthetic covellite in a 
0.2 M HCI + 0.5 giL Cu (as CUS04) solution at 35°C, where the solution potential 
was controlled at about 0.580 V. A rate of dissolution of covellite of 4.86 x 10-12 
mol Cu cm-2.s-1 was calculated from her data 19. Although the solution potential 
as measured by a platinum electrode is not the mixed potential, it had been 
found (by measurement) that the latter was very similar to this value (0.580 V) 
under these conditions. 
Although Cheng and Lawson did not report any potentials in their study on the 
leaching of fine-milled, synthetic covellite in 0.5 M H2S04 + 0.5 M cr (as NaCI), it 
is not unreasonable to expect that the mixed potential was in the vicinity of 0.6 V 
under their conditions 50. Rates of dissolution of covellite, which ranged from 
5.35 x 10-10 mol Cu cm-2.s-1 (80°C) to 1.48 x 10-9 mol Cu cm-2.s-1 (95°C), were 
calculated from their data. 
In one of the earliest studies on the leaching behaviour of covellite in acidic, 
sulphate solutions, Sullivan also reported leaching results obtained in 
0.18 M FeCb + 0.14 M HCI (35°C) and 0.36 M FeCI3 + 0.14 M HCI (98°C) with 
respect to two natural covellite samples, namely the Butte (B) and 
Kennecott N° 2 (K) samples 49. The leaching kinetics calculated for these two 
samples are compared with the electrochemical kinetics at potentials of both 
0.650 V and 0.700 V since it is likely that the mixed potential may have fallen in 
this region. 
Thus, from Table 4.5, it can be seen that the rates of anodic dissolution 
(obtained in this study) are in fair agreement with the rates of chemical leaching 
of covellite (from the literature) at corresponding mixed potentials and 
temperatures. This presents evidence that the leaching of covellite in acidic, 
chloride solutions occur indeed according to an electrochemical mechanism in 











An experiment was conducted to investigate whether the behaviour of the 
mineral electrode shown in Figure 4.20 was reversible. In other words, it was 
investigated whether the same peak response would be achieved on a 
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Figure 4.21 Consecutive Current Transients for Covellite in 0.2 M HCI at 25°C 
Initially, the mineral electrode was maintained under open circuit conditions for 
3 minutes before a potential was applied to its surface. On application of 
0.580 V, the anodic current density peaked at 0.495 Am-2 after 1 second with 
rapid current-decay thereafter. For example, a value of only 0.013 Am-2 was 
measured after 5 minutes. Immediately thereafter, the mineral electrode was 
maintained under open circuit conditions for a period of 5 minutes before a 
second application of 0.580 V was made. Once again the anodic current density 











Not shown (in Figure 4.21) is a third application of 0.580 V, which resulted in 
more or less the same peak current density of 0.051 A.m-2 as was obtained for 
the second application; however, the mineral electrode was maintained at 
15 minutes on OCP. Even when the mineral electrode was left under open 
circuit for 30 minutes, a fourth application of 0.580 V yielded a peak current 
density of only 0.038 A.m-2. 
Thus, it can be seen that the initial anodic response of a freshly, polished mineral 
electrode is not reversible under the conditions tested. This is in agreement with 
the voltammetry results of Ghali et a/., who showed that the anodic current 
density measured during the first linear sweep decreased markedly for 
subsequent sweeps 105. 
The above observations are again very similar to those made by Lazaro-Baez in 
potentiostatic experiments on a pure chalcopyrite electrode in both acidic, 
sulphate (H2S04) and acidic, chloride (HCI) solutions 10. 
Furthermore, it is also interesting to note that the OCP increases to more anodic 
(positive) values than the 0.481 V measured at the start of the experiment. This 
can be explained by the presence of an infinitesimal, small concentration of 
copper ions, which raises the OCP (mixed potential) due to the interaction of the 
Cu(lI) I Cu(l) couple with the mineral electrode's surface. 
4.3.2 The Effect of Chloride Concentration on the Anodic Current Density 
Cyclic voltammetry showed that chloride concentration had the most pronounced 
effect on the anodic current density of the mineral electrode. Therefore, it was 
decided to investigate this parameter also in potentiostatic experiments over a 















The anodic current transients for 0.2 M HCI and 0.2 M HCI + 1.8 M cr (as NaCI), 
which were generated at an applied potential of 0.600 V and 25°C, are compared 
in Figure 4.22 over the first minute of operation. 
Ambient - Aerated, 0.2 M HCI & 0.600 V 
Period: 0 -60 5 (of 1 h) 
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Figure 4.22 The Effect of Chloride Concentration on the Anodic Current 
Density over a Short Period 
These show anodic peak current densities of 1.55 Am-2 and 1.10 Am-2 for the 
0.2 M cr and 2 M cr solutions, respectively. Thereafter, the current decays 
rapidly for both solutions, but somewhat more so in the case of the 0.2 M cr 
solution. For example, the respective current densities after 1 minute of 
operation are: 0.051 Am-2 (0.2 M Cr) and 0.10 Am-2 (2 M Cr). 
Another view of the anodic current densities for the two solutions up to a period 
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Figure 4.23 The Effect of Chloride Concentration on the Anodic Current 
Density over a Prolonged Period 
124 
It can be seen that the positive effect of increased chloride ion concentration on 
the measured current density appears to be restricted to the initial stages of 
operation only. 
4.3.3 The Effect of Copper Concentration on the Anodic Current Density 
Cyclic voltammetry tests have shown that the presence of copper ions also affect 
the anodic current density. Therefore, potentiostatic experiments were executed 
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Figure 4.24 presents the results achieved in 0.2 M HCI + 0.5 gIL Cu (as CUS04) 
at 25°C for a range of potentials. These include: 0.540 V, 0.560 V, 0.580 V, 




















Ambient - Aerated & 0.2 M HCI + 0.5 gIL Cu (as CuSO 4) 
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0.650 V: 4.01 Am·2 
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Figure 4.24 Current Transients for Covellite in 0.2 M HCI + 0.5 gIL Cu 
(as CUS04) at 25°C 
Again, the anodic current density increases quickly to form a peak after 1 second 
with rapid current-decay thereafter. For example, the current relative to the peak 
value after only 1 minute of operation constitutes: 9% (0.540 V), 3% (0.560 V), 
5% (0.580 V), 3% (0.600 V), 2% (0.620 V) and 1 % (0.650 V), respectively. 
A comparison of the peak current densities, (1-minute) current-to-peak values 
and rates of anodic dissolution is made in Table 4.6 for a 0.2 M HCI solution, in 











Table 4.6 Anodic Peak Current Densities. Current-to-Peak Percentages and 
Rates of Dissolution 
ip (A.m·2) 
Rate of Dissolution 
Em ia (1 min) lip (%) 
(mol Cu cm·2.s·1) 1 
(V) 
o gIL Cu 0.5 gIL Cu o gIL Cu 0.5 gIL Cu o gIL Cu 0.5 gIL Cu 
0.540 0.07 0.10 24 9 5.38 x 10·1J 7.53x10·14 
0.560 0.10 0.13 21 3 7.00 x 1Q. 1J 2.12 x 10·1J 
0.580 0.44 0.63 7 5 7.13 X 10.13 3.51 x 10·1J 
0.600 0.80 1.11 7 3 1.66 x 10·1L 5.75 x 10.1" 
0.620 1.16 1.04 4 2 1.69 x 10·1L 8.19 x 10.13 
0.650 1.57 4.01 4 1 2.55 x 10·1L 9.23 x 10·1J 
1) Rate of dissolution calculated from 1·hour anodic current density values (2S0C) 
Although the peak current densities are similar in the absence and presence of 
initial copper ions, the (1-minute) current-to-peak values seem to indicate that the 
anodic current decays somewhat faster with copper ions initially present. 
It also seems that the rate of anodic dissolution of the mineral electrode is 
somewhat lower in the presence of initial copper ions. Although this is not clear 
from the voltammetry results at low chloride concentration (Figure 4.16), the 
above observation is consistent with the voltammetry results at high chloride 
concentration, which indicated a marked decrease in the measured current with 
the addition of initial copper ions (Figure 4.17). 
4.4 A Summary of the Experimental Results 
A summary of the more general observations and findings are presented in this 
section, which will be used in aid to propose a mechanism for the leaching of 















• The anodic current density increases when an increasing potential is applied 
to a stationary covellite surface from the OCP of the mineral electrode to a 
potential corresponding to the first anodic peak. For example, in a pre-
aerated, 0.2 M HCI solution (without initial copper ions present) this range 
spans 0.461 V to 0.625 V at 25°C. 
• The covellite electrode shows typical active-passive behaviour in acidic, 
chloride solutions. In other words, over some ranges the anodic current 
density is potential-dependent (active), whereas over other ranges it is 
potential-independent (passive). For example, within a pre-aerated, 
0.2 M HCI solution (without initial copper ions present) evidence of passive 
behaviour is observed at potentials above 0.625 V. 
• The processes reigning at the first and second anodic peaks are irreversible 
and not mass transport controlled. Therefore, these have to be chemically 
(or electrochemically) controlled. 
• In the absence of initial copper ions and at constant chloride concentration, 
an increase in acidity by means of sulphuric acid concentration seems to 
increase the anodic current density. 
• The source of acidity has no significant effect on the anodic current density. 
• The addition of sodium sulphate has no effect on the anodic current density. 
• In the absence of initial copper ions, the addition of chloride as sodium 
chloride has a marked effect on the anodic current density, which increases 
with increased chloride ion concentration up to 1 M in a pre-aerated, 
0.2 M H2S04 solution. However, above this concentration no further increase 



















• In the absence of initial copper ions, an increase in hydrochloric acid 
concentration also results in an increase in the anodic current density. At 
high chloride concentration (1 M and above), the first anodic peak becomes 
less pronounced than the second as the acidity is increased over the range 
0.2 M to 2 M. 
• Only one anodic peak is observed in the absence of chloride ions, which 
occurs in the vicinity of 0.6 V for a pre-aerated, 0.2 M H2S04 solution. 
• At low chloride concentration (0.2 M), an increase in initial copper 
concentration increases the OCP. Also, the anodic current densities 
measured in the presence of copper ions seem larger than in absence 
thereof. For example, with copper ions initially present, both anodic peaks 
are higher and the slopes of the anodic current density curves are a" steeper 
over the same potential range (0.5 V to 0.550 V). 
• At high chloride concentration (2 M), an increase in initial copper 
concentration increases the OCP. However, copper ions initially present 
result in markedly lower anodic current densities, which seem to indicate a 
negative effect on the rate of oxidation of the mineral electrode. 
• The OCP increases with increased chloride concentration at the same initial 
copper concentration. 
• Over the potential range up to the first anodic peak (0.625 V), the rate of 
oxidation of the mineral electrode, as indicated by the anodic current density, 
is greater in a low-chloride solution (0.2 M) than in a high-chloride solution 
(2 M), at the same potential. However, the potential-dependency of the rate 
of oxidation is more pronounced at the higher chloride concentration and, at 
potentials in excess of the first anodic peak (0.625 V), the rates of oxidation 














• Rates of anodic dissolution of the mineral electrode, which were obtained 
from potentiostatic experiments (in this study), are in fair agreement with the 
rates of chemical leaching of covellite (from literature) at corresponding mixed 
potentials and temperatures. This presents evidence that the leaching of 
covellite in acidic, chloride solutions occur according to an electrochemical 
mechanism in the presence of a chemical oxidant. 
• The initial anodic response of a freshly, polished mineral electrode to an 
applied potential is not reversible under the conditions tested. 
• The positive effect that an increased chloride concentration has on the anodic 
current density when the mineral electrode is subjected to a constant potential 
of 0.6 V (in the absence of initial copper ions) seems to be restricted to the 
initial stages of operation only. In other words, over prolonged times, the 
measured anodic current density is more or less the same at low (0.2 M) and 
high chloride concentration (2 M). 
• The presence of initial copper ions seems to have a negative effect on the 
anodic current density over the potential range 0.540 V to 0.650 V. 
4.5 The Mechanisms of Leaching of Covellite in Acidic, Chloride Media 
4.5.1 Dissolution of Covellite by Direct Oxidation 
It has been shown in this study that the oxidative dissolution of covellite in acidic, 
chloride solutions is an electrochemical process. Also, that the anodic 
dissolution of the mineral may proceed (from a thermodynamic point of view) 
according to either one of the half-cell reactions presented in Equations 4.3 and 
4.4. This would entail a direct oxidative mechanism via either a one-electron 












In both these reaction mechanisms, the cupric ion (as primary oxidant) has to 
diffuse through a growing, elemental sulphur layer to the mineral's surface where 
electron transfer takes place involving the reduction of cupric to cuprous ions. 
Also, in both cases, elemental sulphur is a product of the anodic dissolution of 
the mineral and could well be termed "anodic sulphur", which is formed directly 
on the surface of the mineral. 
Cuprous ions, which are produced by either the anodic dissolution of the mineral 
itself (one-electron process) or by the reduction of cupric ions at the mineral 
surface (one- and two-electron processes), are oxidized back to cupric ions by 
dissolved oxygen in the so-called back-oxidation reaction. In order for this to 
occur, cuprous ions, dissolved oxygen and protons need to be in contact with 
each other. 
It is proposed that the rate-controlling step, at least during the initial stages of 
leaching, is the anodic dissolution of the mineral (Equations 4.3 or 4.4). This is 
supported by the fact that published values for the apparent activation energy 
well exceed 40 kJ.mor1 (see 2.4.3 Kinetics of Dissolution), which indicates that 
the rate of dissolution of covellite shows a relatively strong temperature-
dependency 33. Of course, the growing or thickening sulphur layer may 
eventually affect diffusional transport of aqueous species to and from the mineral 
surface. In addition, it may also decrease the available surface area for leaching, 
which may, in part, explain the levelling-off of the copper dissolution profile 
observed during the latter stages of leaching. 
Finally, it will be shown that both these mechanistic schemes render the same 
overall reaction (Equation 4.6) for the direct oxidative dissolution of covellite in 














CuS = Cu(l) + So + eO (4.3) 
Cathodic: 
Cu(lI) + eO = Cu(l) (4.5) 
L CuS + Cu(lI) _ 2Cu(l) + So (4.1 ) 
Back-Oxidation: 
2Cu(l) + 2H+ + ~02 - 2Cu(lI) + H2O (4 .2) 
Overall : 
CuS + 2H+ + ~02 - Cu(lI) + So + H2O (4 .6) 
Figure 4.25 illustrates the above reaction mechanism schematically. 
Figure 4.25 A Schematic Diagram of the Direct Oxidation of Covellite via a 











For this reaction mechanism, the Butler-Volmer relationships for the mixed 
potential (Em) and the rate of dissolution of the mineral (rcus) are shown below. A 
detailed derivation is presented in Appendix III. 
Case I 
= (RT) { kCu(I1) [Cu(II)] } 







kcu(I1) [Cu(II)] } 2 
kcus + kCU(I)[Cu(l)] 
(4.7) 
(4.8) 
In the case of a large cuprous ion concentration and / or a very slow rate of 
mineral dissolution, it follows that kcus « kCu(I)[Cu(I}); therefore, 
With: 
Em = (RT) In (kCU(I1) [CU(II)]) 
F kCU(I) [Cu(I)] 
icus 
rcus = F 
1/ 
_ (kcu(I1)[CU(II)]) 2 
- kcus 
kCU(I) [Cu (I)] 
= k ([CU(II)])1/2 
[Cu(l)] 
1/ 















[Cu(II)] Cupric ion concentration at the mineral surface 
[Cu(I)] Cuprous ion concentration at the mineral surface 
Em Mixed potential 
ieus Anodic current density for covellite dissolution 
keus Electrochemical rate constant for the anodic dissolution of the mineral 
by a one-electron process (Equation 4.3) 
keu(l) Electrochemical rate constant for the anodic half-cell reaction 
(Equation 4.5) 
keu(lI) Electrochemical rate constant for the cathodic half-cell reaction 
(Equation 4.5) 
k Proportionality constant 
reus Rate of dissolution of covellite 
Equation 4.10 predicts the rate of mineral dissolution to show a half-order 
dependency with respect to the cupric-to-cuprous ion ratio. Therefore, a plot of 
In(reus) against In([Cu(II)]/[Cu(I)]) should render a straight line with a positive 
slope of 0.5 and y-intercept of In(k) according to: 
1 ([CU(II)]) 
In(rcus) = Ink + Iz In [Cu(I)] (4.12) 
Table 4.7 Electrochemical Data for the 0.2 M HCI + 0.5 giL Cu Solution 
Em Eh 1 [Cu(II)] [Cu(I)] ia reus 2 
(V) (V) (x 10.3 M) (x 10.5 M) (A.m-2) (mol Cu cm-2.s·1) 
0.560 0.568 7.845 2.282 0.00041 2.12x10-1;' 
0.580 0.591 7.859 0.9442 0.00068 3.51 X 10-1 ;1 
0.600 0.614 7.864 0.3934 0.00111 5.75 x 10-1;' 
0.620 0.637 7.867 0.1553 0.00158 8.19 x 10-1 ;' 
1) Capillary solution potential values from which cupric and cuprous ion concentrations were 
calculated with the aid of the NIST database 40 











The data of Table 4.7 were used to generate such a plot, which is presented in 
Figure 4.26. 
In(reus) vs. In([Cu(II)]/[Cu(I)] 
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Figure 4.26 The Effect of Cupric-to-Cuprous Ion Ratio on the Rate of 
Dissolution of Covellite 
The experimental data depict a straight line with a slope of 0.51, which suggests 
a 0.51'th order rate-dependency on the cupric-to-cuprous ion ratio. This is in 
excellent agreement with the theoretical value of 0.5. 
From Figure 4.26 it can be seen that the y-intercept is -31.42. Then, from 
Equation 4.11 it follows that: 
1/ 
k = kCU5 (kCU(II)) 2 
kCU(I) 












Equation 4.10 also predicts that for a constant cupric-to-cuprous ion ratio 
(in other words solution potential) the mineral will show, at least during the initial 
stages of leaching, linear kinetics of dissolution. However, it is expected that the 
linearity of the kinetics will be adversely affected (i.e. level off) over time, 
because of a decreasing surface area due the formation of elemental sulphur 
directly on the mineral surface as predicted by Equation 4.3. 
From Equation 4.9 it follows that: 
Em = (RT) In (kCU(II)) + (RT) In ([CU(II)]) 
F kcu(I) F [Cu(I)] 
(4.13) 
_ ' (2.303RT) ([CU(II)]) 
- k + Flog [Cu(I)] 
With: 
, (2.303RT) (kCU(II)) k = log --
F kCU(I) 
(4.14) 
k' Proportionality constant 
R Universal gas constant, 8.31441 J.mor1.K-1 
T Temperature, 298.15 K 
A plot of the mixed potential (Em) against log([Cu(II)]/[Cu(I)] should render a 
straight line with: 
(
2.303RT) 
slope = F (4.15) 
= 0.059 V. decade-1 
Equation 4.15 predicts that the mixed potential (Em) should vary by 












A plot of Em against log([Cu(II)]/[Cu(I)] for the experimental data listed in 







Em vs. log([Cu(II))/[Cu(I)] 
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Figure 4.27 The Effect of Cupric-to-Cuprous Ion Ratio on the Mixed Potential 
The results show that the dependence of the cupric-to-cuprous ion ratio on the 
mixed potential (Em) is 0.051 V.decade-1. This is in very good agreement with the 
theoretical value of 0.059 V.decade-1. 
Substitution of the y-intercept of 0.429 into Equation 4.11 yields: 
k 
Cu(I1) = 1.83 X 107 
kcu(I) 
(4.16) 












In the case of a very small cuprous ion concentration and I or a very fast rate of 
mineral dissolution, it follows that kcus » kCu(I)[Cu(I)]; therefore, 













k' Proportionality constant 
Unfortunately, no steady state data were generated by potentiostatic tests that 
would allow this to be tested. Only cyclic voltammetry data are available, but 
these are not steady; therefore, considered unsuitable to use. 
In contrast to the linear kinetics of dissolution expected for Case I, the mineral is 
expected to show parabolic kinetics from the onset of leaching for Case II, even 
at constant solution potential (see Equation 4.19). Elemental sulphur is also 














CuS = Cu(lI) + So + 2e- (4.4) 
Cathodic: 
2Cu(ll) + 2e- = 2Cu(l) (4.5) 





Figure 4.28 presents a schematic diagram of this reaction mechanism. 
Figure 4.28 A Schematic Diagram of the Direct Oxidation of Covellite via a 











The Butler-Volmer relationships for the mixed potential (Em) and the rate of 
dissolution of the mineral (rcus) for the two-electron anodic process are shown 
below. A detailed derivation can be found in Appendix IV. 
Case I 
= (RT) { keu(u) [Cu(II)] } 





keu(u) [Cu(II)] } 1/2 
= keus -:-:-----'-:----;=-~ 
2keus + keu(I) [Cu(l)] 
(4.21 ) 
(4.22) 
In the case of large cuprous ion concentrations and I or very slow rates of 
mineral dissolution, it follows that 2kcus « kCu(I)[Cu(I)]; therefore, 
With: 
Em = (RT) In (keu(U) [CU(II)]) 





_ (keu(U) [Cu (I I)]) 2 




















In the case of a very small cuprous ion concentrations and I or very fast rates of 
mineral dissolution, it follows that kcus » kCu(I)[Cu(I)]; therefore, 
With: 






_ {keU(II)[CU(II)]} 2 
- keus 2k 
eus 
= k"[Cu(II)]llz 




From the Butler-Volmer relationships for these two cases it is evident that the 
same conclusions as for the one-electron anodic process can be drawn with 











In order to determine whether the rate-determining step (rds) is governed by a 
one- or a two-electron process, Tafel plots were generated from the data 
presented in Tables 4.8 and 4.9. This entails a plot of the anodic overpotential 
(l1a) against the logarithm of the anodic current density (ia) according to the "high-
field" approximation of the Butler-Volmer or so-called Tafel equation 33: 
(4.29) 
Where: 
'1a = Em - Ee (4.30) 
(4.31 ) 
b = 2.303RT I (1 -l3a)nF (4.32) 
With: 
'1a Anodic overpotential, in V 
b Tafel slope, in V.decade-1 
l3a Anodic transfer coefficient 
Em Electrode potential (mixed potential), in V 
Ee Equilibrium potential of the anodic reaction, in V 
ia Anodic current density, in A.m-2 
io Exchange current density, in A.m-2 
R Universal gas constant, 8.31441 J.mor1.K-1 
T Temperature, in K 
F Faraday's constant, 96487 C.mor1 e-
n Number of electrons, mol e-













From Tables 4.8 and 4.9 it can be seen that the anodic overpotential (Ila) values 
for the selected data are all well above 20 mV. This means that the mixed 
potential (Em) is sufficiently far away from the equilibrium potential (Ee) for the 
mineral dissolution reaction (Equation 4.3 or 4.4). Therefore, the cathodic 
contribution to the anodic reaction (for mineral dissolution) can be neglected and 
the use of the "high-field" approximation of the Butler-Volmer or Tafel equation 
(Equation 4.29) is justified. In general, the latter approximation is true for the 
cathodic behaviour of most copper sulphide minerals, which exhibit highly 
irreversible electrochemical behaviour (see 2.5 Electrochemistry) 33. 
Table 4.8 : Measurements for the 0.2 M HCI Solution 
Em Ee' '1a ia ~ 
log1o(ia) 
(V) (V) (V) (A.m-2) 
0.560 0.466 0.094 0.00135 -2.869 
0.580 0.466 0.114 0.00138 -2.861 
0.600 0.466 0.134 0.00321 -2.494 
0.620 0.466 0.154 0.00327 -2.486 
1) Obtained from 3 min OCP values 
2) Steady state current densities (1 h) 
Table 4.9 : Measurements for the 0.2 M HCI + 0.5 giL Cu Solution 
Em Ee ' '1a 
• "L. 
la 
(V) (V) (V) (A.m-2) 
log1O(ia) 
0.560 0.500 0.060 0.00041 -3.389 
0.580 0.500 0.080 0.00068 -3.169 
0.600 0.500 0.100 0.00111 -2.955 
0.620 0.500 0.120 0.00158 -2.801 
1) Obtained from 3 min OCP values 
2) Steady state current densities (1 h) 
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The plots show straight lines of which the slopes and y-intercepts were used to 
calculate the relevant electrochemical parameters with the aid of Equations 4.30 
to 4.32. The results are listed in Table 4.10. 
Table 4.10 Electrochemical Parameters 
Em Ila b io 
Solution 
(V .decade -1) (A.m-2) 
~a 
(V) (V) 
0.2 M HCI 0.560 - 0.620 0.094 - 0.154 0.107 1.41 x 10-4 0.5 
0.2 M HCI + 0.5 Cu 0.560 - 0.620 0.060 - 0.120 0.100 1.02 x 10-4 0.5 
The electrochemical parameters for the two sets of data are in very good 
agreement and show a Tafel slope (b) of 0.100 to 0.107 V.decade-1 and an 
exchange current density (io) of 1.02 x 10-4 to 1.41 x 10-4 A.m-2 for an assumed 
anodic transfer coefficient (~a) of 0.5. 
Equation 4.32 predicts a Tafel slope of 0.118 V.decade-1 for a one-electron 






2.303 x 8.31441 x 298.15 
= ~----~---------(1 - 0.5) x 1 x 96487 
= 0.118 V. decade-1 
The experimental values for the Tafel slope are smaller, but still in good 
agreement with the theoretical value of 0.118 V.decade-1. Substitution of the 
experimental values into Equation 4.32 (with ~a = 0.5) yields n = 1.1 
(for b = 0.107 V.decade-1) and n = 1.2 (for b = 0.100 V.decade-\ respectively. In 
other words, the experimental Tafel slopes produce a value for n of about 1 











process. This is somewhat expected since it is well accepted in electrochemistry 
to exclude paths which would involve multiple electron transfers in a single 
reaction step, because of the low probability of two electrons tunnelling 
simultaneously between an ion and a metal 111. 
Finally, the validity of the assumed value of 0.5 for the anodic transfer coefficient 
(~a) was tested by substitution of the experimental Tafel slopes into 
Equation 4.32 for n = 1 (electron). This produced respective values of 0.45 
(for 0.107 V.decade"1) and 0.41 (for 0.100 V.decade"1). These fall within the 
range of 0.4 to 0.6, which are typical for electrochemical reactions 31.33; thus, 
justifying the original selection of 0.5. 
Therefore, for the dissolution of covellite in acidic, chloride solutions over the 
potential range OCP to 0.62 V, a direct oxidative mechanism involving a one-
electron anodic process as the rate-determining or slow step is preferred as 
opposed to a direct oxidative mechanism involving a two-electron process. 
Even if the anodic or mineral dissolution reaction were to occur as a two-electron 
process (Equation 4.4), it would most likely occur as a sequence of one-electron 
steps for reasons already discussed 111. For example: 
rds " 
CuS -+ Cu(l) + So + e (4.3) 
fast 
Cu(1) -+ Cu(lI) + e" (4.33) 
L:CuS -+ Cu(lI) + So + 2e" (4.4) 
From the above it can be seen that the first step in the overall process is merely 
the one-electron anodic process (Equation 4.3), which is the rate-determining 
step. The second step entails the rapid oxidation of cuprous to cupric ions 











4.5.2 Direct Oxidation Mechanism - Consistency with Experimental Observations 
Before a direct oxidation process for the dissolution of covellite in acidic, chloride 
solutions (within the potential range of the OCP to 0.62 V) can be proposed as a 
probable mechanism, it should first be evaluated for consistency with the 
experimental findings and observations. In order to do this, a summary of the 
main characteristics of this mechanism follows: 
• The dissolution of the mineral by a one-electron anodic process 
(Equation 4.3) has been shown to be thermodynamically feasible under the 
experimental conditions tested. 
• Mineral dissolution has been shown to be electrochemical in nature with the 
electrochemical rates in fair agreement with the rates of chemical leaching at 
corresponding mixed potentials and temperatures. 
• Experimental values for the anodic transfer coefficient (0.41 to 0.45) are 
typical of an electrochemical process and are reasonably close to 0.5. 
• Experimental Tafel slope values (0.100 V.decade-1 to 0.107 V.decade-1) are in 
good agreement with 0.118 V.decade-1, which supports a one-electron 
transfer process as the rate-determining step (rds). 
• The measured mixed potential (Em) has a dependency on the cupric-to-
cuprous ion ratio (at the mineral surface) of 0.051 V.decade-1, which is in 
good agreement with the theoretical value of 0.059 V.decade-1 as predicted 
for conditions of Case I. 
• The experimental results are consistent with a reaction that has a half-order 
rate-dependency on the cupric-to-cuprous ion ratio (at the mineral surface) as 
predicted by the Butler-Volmer equation (Equation 4.10) for conditions of 
Case I. 
• The experimental rate of dissolution of covellite increases with increased 
applied potential over the range OCP to 0.62 V, which is consistent with the 











• The Butler-Volmer rate equation (Equation 4.27) predicts a half-order 
dependency on the cupric ion concentration (at the mineral surface) for 
conditions of Case II. 
In addition, for Case I, linear kinetics of dissolution of the mineral are predicted at 
constant solution potential (at the mineral surface) by Equation 4.10. For Case II, 
parabolic kinetics are predicted from the onset of leaching by Equation 4.27. 
However, in both cases it is expected that the kinetics should level off to some 
extent over time, due to the formation of elemental sulphur on the mineral 
surface by Equation 4.3. A good example of this can be found in the work of 
Cheng et al. 50 (see 2.4.2 Deportment of Reaction Products). 
There are some observations from the electrochemistry though, that remain 
unexplained when a direct oxidative mechanism is considered. For example: 
• The positive effect of increased chloride concentration on the initial rate of 
mineral dissolution (see Figures 4.13, 4.14, 4.22 and 4.23). 
• The detrimental effect that increased copper concentration has on the rate of 
mineral dissolution, especially at levels of high chloride concentration 
(see Figures 4.17 and 4.18; Table 4.6). 
These may be due to the effect of the said constituents on the electrochemical 
parameters such as keu(l) and keu(II). For example, an increase in chloride ion 
concentration will decrease the rate of oxidation of cuprous to cupric ions and 
thereby keu(l) 86. And, for the conditions of Case I, it can be seen from 
Equations 4.10 and 4.11 that a decrease in the value of keu(l) can result in an 
increase in the rate of dissolution of covellite (reus). 
It is suggested that the highlighted effects of chloride and copper ions should be 











4.5.3 Dissolution of Covellite by a Non-Oxidative I Oxidative Process 
Apart from the two proposed schemes describing the dissolution of covellite by 
direct oxidation with cupric ions, one could also be tempted to consider the 
possibility that dissolution of the mineral may occur via a non-oxidative 
("free dissolving") coupled with an oxidative mechanism, especially in the 
potential range from the OCP to the first anodic peak (0.62 V). 
Such a reaction mechanism was recently proposed by Nicol et a/. for the 
dissolution of chalcopyrite in acidic, chloride solutions in the potential range 
0.560 V to 0.620 V 19,47,112. It was found that chalcopyrite showed enhanced 
rates of dissolution in this potential range in the presence of chloride ions, copper 
ions and dissolved oxygen, which could not be explained by the conventional 
mechanism of direct oxidative dissolution of the mineral. It was also found that 
the mineral dissolved in a linear fashion until near-completion without the 
occurrence of "passivation". Furthermore, that elemental sulphur was formed 
away from the mineral surface and preferably on the surface of other minerals 
such as fine-milled pyrite, which seemed to catalyze the rate of dissolution of 
chalcopyrite, as well as the rate of oxidation of dissolved hydrogen sulphide, 
significantly when present. 
Consider this reaction mechanism adapted for the dissolution of covellite in 
acidic, chloride solutions (in the presence of dissolved oxygen) with cupric ion as 
the primary oxidant. 
Non-Oxidative Process 
K 












K Equilibrium constant 
Oxidative Process 
Cu(lI) + e- = Cu(l) (4.5) 
(4.35) 
L 2Cu(ll) + H2S(aq) -+ 2Cu(l) + 2H+ + So (4.36) 




This reaction mechanism essentially entails a two-stage process where the first 
stage involves a non-oxidative process with the mineral in equilibrium with 
protons, free or uncomplexed cupric ions and dissolved hydrogen sulphide 
according to Equation 4.34. 
The second stage entails a perturbation of the equilibrium by the homogenous 
oxidation of dissolved hydrogen sulphide by cupric ions (Equation 4.36), which 
will drive the equilibrium to the right. In contrast to the two direct oxidative 
mechanisms, where elemental sulphur is formed on the mineral surface via its 
anodic dissolution reactions (Equations 4.3 and 4.4), elemental sulphur should 
form away from the mineral surface unless the rate of oxidation of dissolved 
hydrogen sulphide (by Equation 4.36) exceeds the rate of diffusion of hydrogen 




















the mineral dissolution reaction will by controlled by mass transport 
(Le. diffusion of soluble species away from the mineral surface) whereas in the 
former case, the reaction will be chemically controlled. 
Cuprous ions, as a result of the reduction of cupric ions by dissolved hydrogen 
sulphide (Equation 4.36), will be oxidized back to cupric ions by dissolved oxygen 
according to the reaction presented in Equation 4.2. 
Thus, the overall reaction for the non-oxidative I oxidative dissolution of covellite 
in acidic, chloride solutions (in the presence of dissolved oxygen) can again be 
presented by Equation 4.6, which is exactly the same as for the two direct 
oxidative mechanisms of the mineral. 
A schematic diagram of the above reaction mechanism is presented in 
Figure 4.31. 
Figure 4.31 A Schematic Diagram of the Dissolution of Covellite via a Coupled 











4.5.4 Non-Oxidative I Oxidative Process - Thermodynamic Considerations 
Consider a system where a covellite electrode is in equilibrium with a 0.2 M H+ 
solution, with K = 3.38 x 10-17 at 25°C 40,114 as presented by Equation 4.34. 
(4 .34) 
The concentrations of the aqueous species in equilibrium with the mineral 






















o 10 20 30 40 50 60 70 80 90 100 
Chloride Concentration (gIL) 
-[Cu(2+)] -[CuCI+] -[H2S(aq)] 
Figure 4.32 A Species Distribution Diagram for Covellite in Equilibrium with 
0.2 M H+ at 25°C 
It can be seen that the free or uncomplexed cupric ion (Cu2+) concentration 
decreases with increased chloride concentration. This is due to the formation of 











this, the hydrogen sulphide (H2S) concentration increases with increased chloride 
concentration as is expected from the following relationship for the equilibrium 
constant (K). 
[Cu2+J[HzSCaq)] 
K = [H+F 
K[H+F 
:. [HzSCaq)] = [Cuz+] 
(4.37) 
It is also evident that an increase in acidity, i.e. the proton concentration, will shift 
the equilibrium (in Equation 4. 34) to the right. This is illustrated in Figure 4.33, 
which depicts a plot of In[H2S(aq)] against chloride concentration for 0.01 M H+, 
0.2 M H+ and 2 M H+. 
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o 10 20 30 40 50 60 70 80 90 100 
Chloride Concentration (giL) 
-0.01 M H+ -0.2M H+ -2M H+ 
Figure 4.33 : The Effect of Acidity on the Dissolved Hydrogen Sulphide 











The results show that as the acidity is increased from 0.01 M H+ to 2 M H+, the 
dissolved hydrogen sulphide concentration also increases. 
In contrast to this, an increase in copper concentration will shift the equilibrium to 
the left. In other words, the equilibrium concentration of hydrogen sulphide will 
decrease with increased free or uncomplexed cupric ion concentration. 
Figure 4.34, which presents a plot of In[H2S(aq)1 against chloride concentration for 
different copper concentrations, is illustrative of this effect. 
25°C· 0.2 M H+, H2S(aq) & Cus 
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Figure 4.34 : The Effect of Copper on the Dissolved Hydrogen Sulphide 
Concentration in Eguilibrium with Covellite at 0.2 M H+ and 25°C 
The results show that even the presence of small quantities of soluble copper 
(as low as 10 ppm) has a marked (decreasing) effect on the equilibrium 











Thus, it follows from the thermodynamics that an increase in acidity (low pH) and 
chloride concentration will favour the non-oxidative process (Equation 4.34), 
whereas increased copper concentration will make it less favourable. 
A mineral dissolution process according to the non-oxidative I oxidative process 
would render increased rates of dissolution of covellite by increasing the 
favourability of the non-oxidative process or by faster displacement of the 
equilibrium to the right. 
The positive effect of increased acidity and chloride ion concentration, as well as 
the detrimental effect of increased copper ion concentration on the rate of 
dissolution of the mineral electrode (as found in this study) could well be 
explained if it is assumed that the mineral dissolves according to such a 
mechanism, which is under mass transport control. 
4.5.5 Non-Oxidative I Oxidative Process - Kinetic Considerations 
In her study of the kinetics of dissolution of chalcopyrite in chloride media, 
Velasquez also conducted two leaching tests on fine-milled (+25-38 I-Im), 
synthetic covellite in order to compare the rates of dissolution of these two 
minerals, under similar conditions 19. It should be pointed out that the synthetic 
covellite used in her study is the same as was used in the present 
electrochemical study. 
Both these tests were executed in a solution of 0.2 M HCI + 0.5 gIL Cu 
(as CUS04) at 35°C, where the bulk solution potential was controlled between 
0.57 V and 0.58 V in one test and between 0.65 V and 0.66 V in the other. The 
results of the covellite leaching tests are presented in Figure 4.35, together with 
that of a chalcopyrite leaching test, which was also conducted in a solution of 
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Figure 4.35 A Comparison of the Copper Dissolution Transients of 
Chalcopyrite and Covellite 
155 
The blue and red data points represent copper dissolution from covellite at 
respective solution potentials of 0.57 V to 0.58 V (blue line) and 0.65 V to 0.66 V 
(red line). The lower potential test shows 63% copper dissolution after 1049 h of 
operation, whereas the higher potential test achieves about 75% copper 
dissolution in more or less the same time. Thus, the rate of dissolution of 
covellite is slightly faster at the higher solution potential of 0.65 V to 0.66 V. 
The green data points represent copper dissolution from a +25-38 jJm, high-
grade (83%), chalcopyrite-bearing concentrate. It can be seen that the rates of 
dissolution of chalcopyrite and covellite are remarkably similar and it is tempting 












Furthermore, it is also interesting to note that not only the chalcopyrite test, but 
both covellite tests show linear copper dissolution kinetics. This seems to 
indicate that both minerals' available surface areas for leaching do not decrease 
significantly over the test duration, even up to complete dissolution 
(as in the case of the higher potential covellite test). 
In recent publications, Nicol et al. highlighted the deportment of sulphur as an 
important indicator of the prevailing leaching mechanism in the dissolution of 
chalcopyrite in acidic, chloride solutions. It was shown that, under conditions of 
low solution potential (0.56 V to 0.62 V), very little of the elemental sulphur 
formed during the dissolution process, is associated with residual chalcopyrite 
particles. Instead, sulphur occurs as isolated, spherical globules with an 
occasional association with chalcopyrite 19,47,1 12. These observations are in 
agreement with those made by Majima et al. 113 and also Dutrizac 54 in acidic, 
ferric chloride solutions with respect to the same mineral. The latter author even 
suggested that the development of large, well-formed (euhedral) sulphur crystals 
is the result of sulphur being deposited from the leaching medium. Also, that the 
reaction must involve, at least in part, the presence of various dissolved 
hydrogen sulphide species. Such species, which are formed at the mineral 
surface, diffuse from the reaction interface and are oxidized by ferric ions 54. 
A mineralogical examination by mineral liberation analysis (MLA) of the solids 
residue for the lower potential covellite test showed that a significant amount of 
sulphur is formed on the mineral's surface after 63% copper dissolution. 
However, it occurs as isolated islands with more than 95% of the mineral's 
surface free of sulphur 19,112. Also, as in the case with chalcopyrite under the 
same leaching conditions (0.2 M HCI + 0.5 giL Cu, 0.580 V at 35°C), the addition 
of fine-milled pyrite (deo = 12 IJm) in a mass ratio of 1 : 5 (covellite : pyrite) 
showed enhanced copper dissolution from covel lite (in one test), albeit at a much 











Apart from the rate of dissolution of covellite being marginally faster at higher 
solution potentials in the leaching tests, which is consistent with the 
electrochemical findings of this study, some of the other observations may not, at 
this stage, seem supportive of a mechanism that involves the direct oxidation of 
the mineral. These include: 
• The linearity of the kinetics of mineral dissolution up to near-completion, and 
• Enhanced mineral dissolution with the addition of fine-milled pyrite. 
For the case where the non-oxidative / oxidative process is under chemical 
control , the rate of dissolution of covellite will be controlled by the homogenous 
oxidation of aqueous hydrogen sulphide as the slow step (Equation 4.36). In this 
case, the mineral dissolution process will be characterized by an apparent 
activation energy, which indicates a relatively strong temperature-dependency. 
Reported values from the literature for the atmospheric leaching of covellite in 
acidic, chloride solutions (in the absence of ferric ions) are all well-above 
40 kJ .mor1 (see 2.4.3 Kinetics of Dissolution), which is in support of a process 
controlled by a chemical (or electrochemical) reaction 33. In conjunction , this 
requires the non-oxidative reaction (Equation 4.34) to be a faster step, which is 
somewhat expected due to the fast kinetics of equilibrium reactions in general 41. 
Thus, the maximum rate of covellite dissolution that could theoretically be 
achieved by such a reaction mechanism would be where the equilibrium reaction 
(Equation 4.34) is rate-controlling. For this reaction under mass transport 
control , the maximum rate of dissolution of covel lite can then be estimated 
(at least during the initial stages of leaching) by the following application of Fick's 













reus Maximum rate of dissolution of covellite, in mol Cu cm-2.s-1 
kL Liquid phase mass transfer coefficient, 10-3 cm.s-1 33 
CHzS Concentration of aqueous hydrogen sulphide at the mineral surface, in 
moLcm-3 
Co Concentration of aqueous hydrogen sulphide in the bulk solution, 
a moLcm-3 





[Cu2+] Concentration of free or uncomplexed cupric ions at the mineral surface, 
in moLcm-3 
[H+] Concentration of protons at the mineral surface, in moLcm-3 
Then, for Em = 0.580 V, Eh, capillary = 0.591 V and 0.2 M HCI + 0.5 giL Cu 
(as CUS04), maximum rates of dissolution of covellite under conditions of mass 
transport control were calculated with Equation 4.39. 
The results are presented in Table 4.11 together with experimental rates of 















Table 4.11 Mass Transport Rates of Covellite Dissolution 
kL a K 40,114 
rcuS (mol Cu cm-i .s-1 ) 
[H+] b [CU2+] c 
(cm.s-1) (x 10-17) (mol.cm-3) (mol.cm-3) 
Literature 
Eq.4.39 This study 
[19] 
10-3 3.38 0.0002 6.18 x 10-ti 2.19 x 10-a 7.13 X 10-13 -
10-3 10 0.0002 6.18 x 10-ti 6.47 x 10-a - 4.86 X 10-1i 
a) Strictly speaking this value also increases with increased temperature; however, since the 
temperature-dependency is expected to be relatively small (for mass transport control) , the 
same value has been used at both 25°C and 35°C. 
b) Assumed 
c) The free or uncomplexed cupric ion concentration has been estimated for a capillary solution 
potential of 0.591 V (at a mixed potential of 0.580 V) by means of the NIST database 40 . 
It is evident that the rate of dissolution of covellite under mass transport control is 
many orders of magnitude smaller than the experimental rates. The reason for 
this is that the equilibrium (Equation 4.34) is very unfavourable under the reigning 
conditions. Therefore, since this rate of dissolution of the mineral is so much 
smaller than the experimental rates, the non-oxidative / oxidative reaction 
mechanism cannot be accepted for the dissolution of covellite in acidic, chloride 












CONCLUSIONS AND RECOMMENDATIONS 
This thesis summarizes the results of an electrochemical study on the anodic 
dissolution of a stationary covellite electrode in acidic, chloride solutions at 
ambient conditions, with particular interest to the mineral surface potential range 
from the open circuit potential (OCP) to about 0.62 V. 
It has been demonstrated by measurement of the solution potential close to the 
mineral surface (capillary solution potential) that cupric ions can oxidize covellite 
in acidic, chloride solutions by means of the Cu(lI) I Cu(l) couple. This is in 
agreement with thermodynamic calculations, which show that the anodic 
dissolution of the mineral can occur by either a one- or two-electron process 
under these conditions, with the former being more favourable from a 
thermodynamic point of view. 
The rates of anodic dissolution of the mineral obtained by electrochemical 
method (in the absence of a chemical oxidant) were found to be in fair agreement 
with published rates of chemical leaching at similar mixed potentials and 
temperatures. This suggests that the leaching of covellite, by a chemical oxidant 
in acidic, chloride solutions, occurs according to an electrochemical process. 
By application of mixed potential theory to the following anodic and cathodic half-
cell reactions, 
Anodic: 
CuS = Cu(l) + So + e- (5.1 ) 
Cathodic: 











It was found that: 
• The measured mixed potential (Em) showed a 0.051 V.decade-1 dependency 
on the cupric-to-cuprous ion ratio at the mineral surface. This is in excellent 
agreement with the theoretically calculated value of 0.059 V.decade-1. 
• Experimental Tafel slope values of 0.100 V.decade-1 to 0.107 V.decade-1 
were in good agreement with the theoretically calculated value of 
0.118 V.decade-1 for a one-electron reaction as the rate-determining step 
(rds). 
• Experimental values for the anodic transfer coefficient (~a) of 0.41 to 0.45 fell 
well within the range of 0.4 to 0.6, which is typical of electrochemical 
reactions. 
• The rate of anodic dissolution of the mineral by electrochemical method 
showed a 0.51th order rate-dependency on the cupric-to-cuprous ion ratio at 
the mineral surface. This is in excellent agreement with the theoretical value 
of 0.5 as predicted by the Butler-Volmer equation. 
Therefore, it can be concluded that the oxidative dissolution of covellite in acidic, 
chloride solutions, over the potential range of interest, occurs according to the 
reaction, 
CuS + Cu(lI} = 2Cu(l} + So (5.3) 
with the anodic dissolution of the mineral, according to a one-electron process 
(Equation 5.1), as the rate-determining step (rds). 
Furthermore, it is proposed that the resultant cuprous ions are oxidized back to 












With the overall reaction as: 
(5.5) 
Thus, describing the leaching of covellite in acidic, chloride solutions, in the 
presence of dissolved oxygen, by a direct oxidative mechanism. 
Cyclic voltammetry showed that the anodic dissolution of the mineral is potential-
dependent with an increase in measured current density with increased applied 
potential over the range of interest. 
This electrochemical method also revealed the presence of two, distinct (anodic) 
peaks at corresponding peak potentials of 0.625 V and 0.744 V in a 0.2 M HCI 
solution. The mineral was found to show active behaviour up to the first peak; 
thereafter, both active and passive behaviour. The processes reigning at both 
peaks were found to be irreversible and not mass transport controlled. 
Therefore, these have to be chemically or electrochemically controlled. 
Cyclic voltammetry showed to be an excellent scanning method by which the 
effect of constituents, such as acidity (pH), chloride ions, copper ions and 
sulphate ions, on the rate of anodic dissolution of the mineral could be identified 
in a short period of time. Of these constituents, only chloride ions and copper 
ions showed a significant influence on the measured current density with an 
increase in current density with increased chloride concentration and an 
unexpected decrease in current density, especially at high chloride 












The detrimental effect of increased copper concentration and the positive effect 
of increased chloride concentration on the rate of anodic dissolution of the 
mineral were further investigated in constant-potential, potentiostatic tests over 
prolonged periods. These effects were confirmed; however, it was found that the 
positive effect of increased chloride concentration on the measured current 
density only pertains to the initial stages of leaching and that similar rates of 
mineral dissolution are achieved at high (2 M Cr) and low chloride concentration 
(0.2 M Cr) over prolonged periods. This may be due to the increase in copper 
concentration with time by leaching of the mineral. 
Capillary potential measurements showed that the solution potential close to the 
mineral surface decreased with increased capillary length. This phenomenon will 
be relevant to the application of heap leaching of whole ores, where the mineral 
may occur in cracks or pores in the gangue matrix or be covered 
(or partially covered) by preCipitates and / or reaction products such as elemental 
sulphur. In this context, a decreased solution potential close to the mineral 
surface could effect a decrease in the mixed potential and thereby also a 
decrease in the rate of leaching of the mineral. 
It is recommended that the following be considered for further or more detailed 
investigation: 
• The effect of chloride ion concentration on the electrochemical rate 
parameters, kcu(lI) and kCu(I). 
• The effect of copper ion concentration on the electrochemical rate 
parameters. 
• Extension of the present study to higher temperatures. 
• An extensive chemical leaching study on a high-purity, covellite sample in 
acidic, chloride solutions (in the absence of ferric ions) under conditions of 
controlled solution potential and where corresponding measurements of the 
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The data used to produce the graphs in Figures 4.7(a) to 4.7(f) were generated using 
the NIST database 40 and Outotec's HSC 6.1 software 114, in conjunction with the 
following equations: 
[Cu+] 
ECu(II)/cu(l) = 0.162 - 0.05911og [Cu2+] 
1 
Ecu(I),so/cus = 1.106 - 0.05911og [Cu+] 
0.0591 1 




Table A1 Data for Figure 4.7(a) 
[Cil Ecu(lI) I Cu(l) Ecu +,so I CuS (V) Ecu 2+,so I CuS (V) 
(gIL) (V) 10.8 gIL Cu 0.05 gIL Cu 10.8 gIL Cu 0.05 gIL Cu 
0 0.476 - - 0.353 0.538 
3.55 0.476 0.266 0.636 0.351 0.536 
7.09 0.476 0.229 0.600 0.350 0.535 
14.2 0.476 0.191 0.562 0.347 0.532 
21 .3 0.476 0.169 0.539 0.345 0.530 
28.4 0.476 0.152 0.522 0.343 0.528 
35.5 0.476 0.139 0.509 0.342 0.527 
42.5 0.476 0.127 0.498 0.341 0.525 
49.6 0.476 0.118 0.488 0.339 0.524 
56.7 0.476 0.110 0.480 0.338 0.523 
63.8 0.476 0.102 0.472 0.337 0.522 











Table A2 : Data for Figure 4.7(b) 
[Cil Ecu(lI) I Cu(l) Ecu +,s· I CuS (V) Ecu l+ ,So I CuS (V) 
(giL) (V) 10-8 giL Cu 0.05 giL Cu 10-8 giL Cu 0.05 giL Cu 
0 0.496 - - 0.368 0.539 
3.55 0.496 0.277 0.618 0.367 0.537 
7.09 0.496 0.240 0.581 0.365 0.536 
14.2 0.496 0.203 0.543 0.363 0.533 
21.3 0.496 0.180 0.520 0.361 0.531 
28.4 0.496 0.163 0.503 0.359 0.529 
35.5 0.496 0.150 0.490 0.357 0.528 
42.5 0.496 0.139 0.479 0.356 0.526 
49.6 0.496 0.129 0.469 0.355 0.525 
56 .7 0.496 0.121 0.461 0.353 0.524 
63.8 0.496 0.113 0.454 0.352 0.523 
70.9 0.496 0.1 06 0.447 0.351 0.522 
Table A3 : Data for Figure 4.7(c) 
[CIl Ecu(lI) I Cu(l) Ecu +,s· I CuS (V) Ecu l+,S· I CuS (V) 
(giL) (V) 10-8 giL Cu 0.05 giL Cu 10-8 giL Cu 0.05 giL Cu 
0 0.554 - - 0.391 0.539 
3.55 0.554 0.364 0.561 0.389 0.538 
7.09 0.554 0.328 0.524 0.388 0.536 
14.2 0.554 0.290 0.486 0.385 0.534 
21.3 0.554 0.267 0.463 0.383 0.531 
28.4 0.554 0.250 0.446 0.382 0.530 
35.5 0.554 0.237 0.433 0.380 0.528 
42.5 0.554 0.226 0.422 0.379 0.527 
49.6 0.554 0.216 0.412 0.377 0.525 
56.7 0.554 0.208 0.404 0.376 0.524 
63.8 0.554 0.200 0.397 0.375 0.523 











Table A4 Data for Figure 4.7(d) 
[Cll Ecu(lI) / Cu(l) Ecu +,s· / CuS (V) Ecu 2+ ,So / CuS (V) 
(giL) (V) 10-8 giL Cu 0.05 giL Cu 10-8 giL Cu 0.05 giL Cu 
0 0.575 - - 0.400 0.539 
3.55 0.575 0.262 0.540 0.398 0.538 
7.09 0.575 0.225 0.503 0.397 0.536 
14.2 0.575 0.187 0.465 0.394 0.534 
21 .3 0.575 0.164 0.442 0.392 0.532 
28.4 0.575 0.148 0.425 0.390 0.530 
35.5 0.575 0.134 0.412 0.389 0.528 
42.5 0.575 0.123 0.401 0.387 0.527 
49.6 0.575 0.114 0.392 0.386 0.525 
56.7 0.575 0.105 0.383 0.385 0.524 
63.8 0.575 0.098 0.376 0.384 0.523 
70.9 0.575 0.091 0.369 0.383 0.522 
Table A5 : Data for Figure 4.7(e) 
[Cll Ecu(lI) / Cu(l) Ecu +,s· / CuS (V) Ecu 2+ ,So / CuS (V) 
(giL) (V) 10-8 giL Cu 0.05 giL Cu 10-8 giL Cu 0.05 giL Cu 
0 0.605 - - 0.408 0.539 
3.55 0.605 0.247 0.510 0.406 0.538 
7.09 0.605 0.210 0.473 0.405 0.536 
14.2 0.605 0.172 0.436 0.402 0.534 
21.3 0.605 0.149 0.413 0.400 0.532 
28.4 0.605 0.133 0.396 0.398 0.530 
35.5 0.605 0.119 0.383 0.397 0.528 
42.5 0.605 0.108 0.372 0.395 0.527 
49.6 0.605 0.099 0.362 0.394 0.525 
56.7 0.605 0.090 0.354 0.393 0.524 
63.8 0.605 0.083 0.346 0.392 0.523 











Table A6 Data for Figure 4.7(f) 
[Cll Ecu(lI) I Cu(l) Ecu +,s· I CuS (V) Ecu L+ ,S· I CuS (V) 
(giL) (V) 10-8 giL Cu 0.05 giL Cu 10-8 giL Cu 0.05 giL Cu 
0 0.625 - - 0.412 0.539 
3.55 0.625 0.235 0.490 0.410 0.538 
7.09 0.625 0.199 0.453 0.409 0.536 
14.2 0.625 0.161 0.415 0.406 0.534 
21.3 0.625 0.138 0.392 0.404 0.532 
28.4 0.625 0.121 0.376 0.402 0.530 
35.5 0.625 0.108 0.362 0.401 0.528 
42.5 0.625 0.097 0.351 0.399 0.527 
49.6 0.625 0.087 0.342 0.398 0.525 
56.7 0.625 0.079 0.334 0.397 0.524 
63.8 0.625 0.072 0.326 0.396 0.523 













Figure A.1 shows a voltammogram for a stationary, <t> 1 mm covellite electrode in a 
1 M HCI solution. The mineral was swept from the open circuit potential (OCP) of 
0.476 V in a positive direction up to about 0.967 V; thereafter, the sweep was reversed 
into a negative direction up to a value of 0.476 V. 
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Figure A.1 A Voltammogram for Covellite in a 1 M HCI Solution at 25°C 
The reverse sweep shows no distinct cathodic peaks over the whole potential range. 
This is in agreement with the fact that the mineral shows highly, irreversible behaviour in 















The reaction for the anodic dissolution of covellite by a one-electron process is given by: 
CuS k~ Cu(l) + So + eO (A4) 
The reaction for the anodic oxidation of cuprous to cupric ions is given by: 
Cu(l) k~,) Cu(lI) + eO (A5) 
Cathodic Reactions 
The reduction of covellite can be ignored if it is assumed that the oxidation of the 
mineral is irreversible at potentials in the region of the mixed potential. Generally, this 
approximation is true for the cathodic behaviour of most copper sulphide minerals, 
which exhibit highly irreversible electrochemical behaviour 31,33,97, 
The reaction for the cathodic reduction of cupric to cuprous ion is given by: 
Cu(lI) + eok~1) Cu(l) (A6) 
At the mixed potential (Em): 

















iCu(I) = F[Cu(I)]kcu(I)e RT 
(
-f3cU(Il)FEm) 
-icu(I1) = F[Cu(II)]kcu(I1)e RT 
Substitution of Equations A8 to A 10 into Equation A7 together with, 




renders the following expression for the mixed potential (Em): 
= (RT) { kcu(I1) [Cu(II)] } 






The above approximation allows an analytical solution for Equation A7 and is 
reasonable given that the transfer coefficients (~) for electrochemical reactions are often 
close to 0.5 31,33,97 . 
From Faraday's law 33,98 and substitution of Equation A 12 into Equation A8, the 
following expression for the rate of dissolution of covellite (reus) is obtained: 
icus 





kcu(I1) [Cu(II)] } 2 
















The reaction for the anodic dissolution of covel lite by a two-electron process is given by: 
(A14) 
The reaction for the anodic oxidation of cuprous to cupric ions is given by: 
Cu(l} k~) Cu(lI} + e- (A15) 
Cathodic Reactions 
The reduction of covellite can be ignored if it is assumed that the oxidation of the 
mineral is irreversible at potentials in the region of the mixed potential. Generally, this 
approximation is true for the cathodic behaviour of most copper sulphide minerals, 
which exhibit highly irreversible electrochemical behaviour 31,33,97. 
The reaction for the cathodic reduction of cupric to cuprous ion is given by: 
Cu(ll} + e.k~1) Cu(l} (A16) 
At the mixed potential (Em): 


















iCu(I) = F[Cu(I)]kcu(I)e RT 
(-f3cU(U)FEm ) 
-iCU(II) = F[Cu(II)]kcu(II) e RT 
Substitution of Equations A 18 to A20 into Equation A 17 together with , 




renders the following expression for the mixed potential (Em): 
= (RT) { kCU(II) [Cu(II)] } 






The above approximation allows an analytical solution for Equation A 17 and is 
". reasonable given that the transfer coefficients (~) for electrochemical reactions are often 
close to 0.5 31 ,33,97. 
From Faraday's law 33,98 and substitution of Equation A22 into Equation A 18, the 
following expression for the rate of dissolution of covellite (reus) is obtained: 
icus 





kCU(II) [Cu(II)] } 2 













This section contains some examples of typical calculations for the rate of dissolution of 
covellite (reus). 
Rate of Dissolution of Covellite from Electrochemical Test Data 
Measured: ia = 1.38 x 10-3 A.m-2 (25°C and 0.580 V; see Table 4.5) 
From the reaction, 
CuS _ Cu(lI) + So + 2e-
and Faraday's law 33,98 follows: 
ia 
reus = nF 
1.38 x 10-3 x 10-4 
2 x 96487 
= 7.15 x 10-13 mol Cu em-2 . S-l 
(A24) 
(A25) 
Then, if an apparent activation energy of 77 kJ.mor1 is assumed (see p. 118), it follows 
from the Arrhenius relationship 33,39,100 that (see Table 4.5): 
reus(T) = reus (To)e[it(io -i)] (A26) 
[ 77000 (1 1)] reus(35°C) = reus(25°C)e 8.31441 298.15 308.15 
[ 77000 (1 1 )] = 7.15 X 10-13 x e 8.31441 298.15-308.15 












Rate of Dissolution of Covellite from Leach Test Data 
For a concentrate (wet) screened at +25-38 jJm, the (geometric) average diameter (dp) 
for a spherical particle is given by: 
dp = (25 X 38)1/2 
= 31~m 
The specific surface area (SSA) for a spherical, covellite particle is given by: 
6 







00) x 4.675 
= 416 cm2 . g-l 
The total surface area (SA) for all the covellite particles is given by: 
Cp 
SA = SSAx}:mp x 100 
98.5 
= 416 x 9 x 100 
= 3691 cm2 
For an experimentally determined dissolution of 40% copper after 575 h, the rate of 
dissolution of covellite (CuS) is given by (see Tables 2.4.6 and 4.5): 
reus 
9 x (i~·g) x (14000) 
=--.....:....=~:.....--:..=....::....::..:....-




















Purity of covellite, in % w/w 
dp Particle diameter for a spherical particle, in IJm 
Ea Apparent activation energy, in J.mor1 
F Faraday's constant, 96487 C.mor1 e-
ia Anodic current density, in A.m-2 
Mrcus Molar mass of covellite, 95.6 g.mor1 
Lmp Total mass of particles, in g 
n Number of electrons, in mol e-
R Universal gas constant, 8.31441 J.mor1.K-1 
rcuS Rate of dissolution of covellite, in mol Cu cm-
2.s-1 
SA Total surface area of particles, in cm2 
SGcus Specific gravity for covellite, 4.675 
SSA Specific surface area of a spherical particle, in cm2.g-1 
I 
t Reaction time for the dissolution of covellite, in s 
I 
T Temperature, in K I 













Experimental data included on CD 
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